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Droplet evaporation governs many man-made and natural processes. Hence, it has 
been widely studied by many scientists over the past century. With the recent 
advancements in nanotechnology, many surfaces for two phase heat transfer have 
been developed including hydrophobic, biphilic and lubricant-infused surfaces. 
However, evaporation of droplets on these surfaces have not been explored in depth. 
Traditionally, evaporation on surfaces was characterized by observing the temporal 
size changes of a droplet. Yet, the transient nature coupled with the significant 
mass transfer governed gas dynamics occurring at the droplet three-phase contact 
line make the classical method crude. To accurately investigate evaporation 
dynamics on surfaces, we present a novel steady measurement technique. By 
utilizing a piezoelectric dispenser to feed microscale droplets (20 ≤ 𝑅 ≤  400 μm) to 
a larger evaporating droplet at a prescribed frequency, we can create variable-sized 
droplets on any surface and study their evaporation rates by modulating the droplet 
addition frequency. Using our steady method, we studied evaporation of water and 
low surface tension fluids on surfaces including functional, biphilic, biconductive 
and lubricant-infused surfaces. We elucidated the physics governing the droplet 
evaporation process for each studied surface and working fluid. Furthermore, we 
developed an original high-speed focal-shift imaging technique to study droplet 
mobility on the interface. Our results not only shed light into the evaporation 
physics of droplets on different surfaces but also provides new avenues and strong 
experimental platforms for the study of phase change heat transfer processes that 
enable the decoupling of the intricate and length-scale dependent balance played by 
internal and external flows and binary-mixture dynamics, and the visualization of 
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CHAPTER 1: INTRODUCTION AND LITERATURE 
REVIEW 
1.1. Overview 
The behavior of droplets on surfaces have been studied for many decades[1-4]. 
Droplets behave differently when formed on hydrophobic or hydrophilic surfaces 
due to the different resultant geometries, leading to distinct thermal and surface 
properties[5]. Surfaces of various structures to optimize heat transfer have been 
fabricated, such as biphilic and lubricant infused surfaces. These surfaces enable 
the control of droplet shapes and nucleation locations, maximizing the heat transfer 
from the surface through the elimination of the water film barrier resisting heat 
transport[6]. However, droplets still need to be removed from the surface in order to 
ensure the heat transfer rates will stay at elevated levels. Droplet removal could be 
performed via artificially inducing an electric field[7], inducing a vapor flow on the 
surface[8], and through natural processes such as droplet sliding from inclined 
surfaces[9] and droplet evaporation[10]. The present research aims at filling the 
outlined gaps by studying and understanding droplet evaporation on different 
surfaces (functional, biphilic, lubricant infused surfaces to name a few). 
1.2. Background 
Evaporation of droplets is an important phenomenon not only for droplets formed on 
surfaces, but also for both natural and man-made processes such as the hydrological 
cycle[11-14], phase change heat transfer[10, 15-19], and power generation[20-23] to 
name a few. Hence, scientists have been studying droplet evaporation over the past 
century[24-32]. The main physical phenomenon characterizing evaporation is the 
rate of evaporation, which determines the amount of liquid mass that is converted 




attempt to more accurately characterize the rate of evaporation on surfaces[10, 28, 
33-39]. However, developed techniques typically rely on detecting the non-steady 
size changes in a droplet for a given amount of time, which include transient effects 
governed by vapor dynamics outside the droplet, interfacial dynamics at the liquid-
vapor interface, and liquid dynamics inside the droplet. In addition, droplet 
evaporation dynamics are made more complex by the intricate and length-scale 
dependent balance played by the bulk flow inside the droplet[39-42], evaporation 
kinetics at the liquid-vapor interface[10, 34, 43], thermocapillary stability[44, 45], 
and binary-mixture dynamics[46-48], making the decoupling of these processes 
impossible with classical transient methods. Furthermore, the internal, interfacial 
and external flows are complicated further by the presence of moving contact lines 
and high curvature regions, both of which govern evaporation[49]. Finally, 
traditional methods are incapable of utilization for a multitude of working fluids at 
smaller length scales. For instance, low surface tension fluids such as ethanol, 
methanol and hexane are notoriously difficult to dispense in small quantities on 
surfaces. Hence, there are many drawbacks to the widely used transient methods 
for the characterization of droplet evaporation dynamics that need to be corrected.  
Surface structuring gained a high importance for phase change heat transfer due to 
the rapid advancements in nanotechnology[6, 7, 50-52]. Many different surface 
structures including superhydrophobic[7, 50], biphilic[6, 52] and lubricant-infused 
surfaces (LIS)[53-56] have been developed to enhance phase change heat transfer. 
Although many studies have been performed on these surfaces for condensation 
heat transfer[6, 7, 50, 53, 57], there is still a lack of understanding in the processes 
governing the evaporation dynamics. The present research aims at studying 
evaporation dynamics of drops on surfaces of different structures by developing 
relevant methods and techniques to facilitate accurate investigation of physics of 




1.3. Outline of the Dissertation 
The dissertation consists of several chapters in order to understand and fill the 
outlined gaps above. A novel steady rate of evaporation measurement technique is 
developed in Chapter 2 to study droplet evaporation dynamics on surfaces more 
accurately. This method was then used to study evaporation on functional surfaces, 
and was benchmarked with the existing traditional transient-based methods to 
ensure agreement. Chapter 3 presents the rate of evaporation dynamics of droplets 
grown on biphilic and biconductive surfaces. The significance of the feature sizes 
and the deviations from regular functional surfaces were explored in this chapter. 
Chapter 4 explores the effect of temperature and humidity on the evaporation 
physics of water and low-surface tension fluid droplets. Effects of self-cooling, 
surface temperature and vapor pressure of the working fluid were examined. 
Chapter 5 discovers the evaporation of droplets grown on lubricant-infused surfaces. 
A novel high-speed focal-shift imaging technique was developed to study the 
interface, and the dynamics of the oil-water interface was studied in detail. Chapter 




CHAPTER 2: STEADY METHOD FOR THE ANALYSIS 
OF EVAPORATION DYNAMICS 
2.1. Overview 
Droplet evaporation is an important phenomenon governing many man-made and 
natural processes. Characterizing the rate of evaporation with high accuracy has 
attracted the attention of numerous scientists over the past century. Traditionally, 
researchers have studied evaporation by observing the change in the droplet size in 
a given time interval. However, the transient nature coupled with the significant 
mass-transfer governed gas-dynamics occurring at the droplet three-phase contact 
line make the classical method crude. Furthermore, the intricate balance played by 
the internal and external flows, evaporation kinetics, thermocapillarity, binary-
mixture dynamics, curvature, and moving contact lines make the decoupling of 
these processes impossible with classical transient methods. Here, we present a 
method to measure the rate of evaporation of spatially and temporally steady 
droplets. By utilizing a piezoelectric dispenser to feed microscale droplets (𝑅 ≈ 9 µm) 
to a larger evaporating droplet at a prescribed frequency, we can both create 
variable-sized droplets on any surface, and study their evaporation rate by 
modulating the piezoelectric droplet addition frequency. Using our steady 
technique, we studied water evaporation of droplets having base radii ranging from 
20 µm to 250 µm on surfaces of different functionalities (45˚ ≤ 𝜃a,app ≤ 162˚, where 




with the classical un-steady method showing an improvement of 140% in 
evaporation rate measurement accuracy. Our work not only characterizes the 
evaporation dynamics on functional surfaces, it also provides an experimental 
platform to finally enable the decoupling of the complex physics governing the 
ubiquitous droplet evaporation process.  
2.2 Introduction 
The evaporation of droplets is an important phenomenon for both natural and man-
made processes such as the hydrological cycle[11-14], oil-water separation[58-61], 
liquid hydrocarbon combustion[62-65], phase change heat transfer[10, 16-19, 66], 
and power generation[20-23]. Thus, scientists have been studying droplet 
evaporation over the past century[24-32]. The main physical phenomenon 
characterizing evaporation is the rate of evaporation, which determines the amount 
of liquid mass that is converted into vapor in a fixed amount of time. Numerous 
studies have been performed in an attempt to more accurately characterize the rate 
of evaporation on functional surfaces[10, 33, 35-38, 67-69]. However, the developed 
techniques typically rely on detecting the non-steady size changes in a droplet for a 
given amount of time, which include transient effects governed by vapor dynamics 
outside the droplet, interfacial dynamics at the liquid-vapor interface, and liquid 
dynamics inside the droplet. In addition, droplet evaporation dynamics are made 
more complex by the intricate and length-scale-dependent balance played by the 




interface[10, 34, 43], thermocapillary stability[44, 45], and binary-mixture 
dynamics[46-48], making the decoupling of these processes impossible with classical 
transient methods. Furthermore, the internal, interfacial, and external flows are 
complicated further by the presence of moving contact lines and high curvature 
regions, both of which govern evaporation[49]. 
In this study, we develop a steady method capable of decoupling droplet length scale 
from the evaporation measurement, to examine droplet evaporation dynamics for a 
range of droplet sizes (20 ≤ 𝑅b ≤ 250 μm, where 𝑅b = 𝑅 sin 𝜃a,app is the base radius) 
and apparent advancing contact angles (45˚ ≤ 𝜃a,app ≤ 162˚). The steady technique 
involves the feeding of microscale droplets (𝑅 ≈ 9 µm, where 𝑅 is the radius of 
curvature of the droplet) to a larger evaporating droplet (≫9 µm) residing on a 
functional surface at a prescribed frequency. At the instant the droplet reaches the 
required size of interest, the microscale droplet injection rate is modulated in order 
to ensure that the evaporating droplet shape and size are constant. At this instant, 
the rate of liquid evaporation is balanced by the rate of liquid microdroplet 
deposition. To ensure stability of our technique, we monitor the droplet evaporation 
for long times (>120 seconds). We benchmarked our technique with classical non-
steady methods of evaporation characterization on functional surfaces, showing 
significant improvement (≈ 140%) in evaporation rate measurement accuracy with 
our steady method stemming from the elimination of transient effects on a droplet 




evaporation in non-condensable gas (NCG) leaden environments increases linearly 
with increasing droplet base radius due to the linear dependence of contact line 
length with base radius. Furthermore, we show that the droplet evaporative flux 
decreases linearly for increasing contact angles at fixed droplet sizes for both 
hydrophilic and hydrophobic surfaces. The outcomes of this work not only show the 
effects of surface functionality, droplet length scale, and contact line dynamics on 
the droplet evaporation rate, but also establish a powerful characterization platform 
that can be used to decouple the intricate and length-scale-dependent balance 
played by internal and external flows, evaporation kinetics at the liquid-vapor 
interface, thermocapillary motion, and binary-mixture dynamics, and provide 
avenues for the development of novel, and versatile functional surface technologies 
for a wide range of applications utilizing droplet evaporation.  
2.3. Experimental Methods 
2.3.1. Experimental Procedure 
To benchmark our steady method, and to study the effects of droplet size scale, base 
area, contact line length, and contact angle, we fabricated six different samples with 
distinct and wide ranging wetting characteristics, including a gold coated silicon 
wafer (Si-Au, Figure 2-1a, 𝜃a,app = 45.1˚ ± 5.2˚), polished copper (Cu, Figure 2-1b, 
𝜃a,app = 85.0˚ ± 1.9˚), smooth silicon wafer coated with a fluorinated silane (TFTS) 




nm layer of P2i fluoropolymer (CNT1, Figure 2-1d, 𝜃a,app = 130.6˚ ± 2.9˚), carbon 
nanotube mats coated with a 30 nm layer of P2i fluoropolymer (CNT2, Figure 2-1e, 
𝜃a,app = 141.3˚ ± 3.1˚), and HDTS coated copper oxide microstructures (CuO-HDTS, 
Figure 2-1f, 𝜃a,app = 162.0˚ ± 2.9˚). Note, lower contact angles approaching 
superhydrophilicity were not studied here due to requirement for wide angle 
imaging techniques to capture the large base radius.  
To study droplet evaporation and to eliminate transient effects of moving interfaces, 
we interfaced a high speed camera (Fastcam SA2, Photron) with a frequency-
controlled piezoelectric micro-goniometer (MCA-3, Kyowa Interface Science). All 
experiments were performed in ambient conditions (𝑇air = 25 ±  0.5 ℃, 𝜙 = 50% ± 
5%, where 𝜙 is the relative humidity). To grow droplets, the piezoelectric dispenser 
was placed above our functional surfaces with a spacing ranging from 5 to 10 mm 
(ℎ), and turned on to dispense monodisperse microscale droplets (Figure 2-2). 
2.3.2. Surface Fabrication 
For CNT growth by chemical vapor deposition (CVD), a 20 nm thick Al2O3 diffusion 
barrier and a 5 nm thick film of Fe catalyst layer were deposited on silicon growth 
substrates using electron beam deposition. After purging in He/H2 atmosphere in a 
2.54 cm quartz furnace for 15 min, the silicon substrate was heated to 750°C in a 
2.54 cm quartz furnace and annealed for 3 min under a flow of H2 and He at 400 




C2H4 at 200 sccm for 1 min. These thermally grown CNT had characteristic 
diameter of 𝑑 ≈ 7 nm[71].  
CuO nanostructured surfaces were created on commercially available copper (Cu) 
tabs (99.9% purity, 25 mm x 25 mm x 0.8 mm). Similar to silicon substrates, each 
Cu tab was thoroughly rinsed with acetone, ethanol, isopropyl alcohol (IPA), and 
deionized (DI) water. The cleaned tabs were then dipped in 2.0 M Hydrochloric acid 
solution for 2 min to remove native oxide film on the surface, rinsed with DI water 
and dried with nitrogen gas. Nanostructured CuO films were formed by immersing 
the cleaned tabs in hot (96 ± 3 ˚C) alkaline solution composed of NaClO2, NaOH, 
Na3PO4∙12H2O, and DI water (3.75:5:10:100 wt%). This oxidation process leads to 
initial formation of a thin (≈300 nm) Cu2O layer which reoxidizes to form sharp, 
knife-like CuO oxide structures (𝐿h ≈ 1µm). 
2.3.3. Surface Functionalization 
Trichloroperfluorooctyl-silane (TFTS, CAS no. 78560-45-9, Sigma Aldrich) was 
deposited on silicon growth substrate by liquid phase deposition (LPD). Initially, the 
obtained silicon substrate was thoroughly cleaned by rinsing it with acetone, 
methanol, ethanol, isopropyl alcohol (IPA) and deionized (DI) water. After drying 
the silicon substrate with nitrogen gas, it was plasma cleaned for 10 minutes. For 
hydrophobic functionalization, a drop of TFTS was added to 500 mL hexane and the 




inside the solution.  The coated silicon substrate (referred to as Si-TFTS in the text) 
was removed from the solution after 24 hours and was rinsed with ethanol and DI 
water and dried in nitrogen gas. Goniometric measurements (MCA-3, Kyowa 
Interface Science Ltd.) of ≈ 100 nL droplets on TFTS coated silicon substrates 
showed advancing contact angle of 𝜃a = 110.6˚ ± 2.8˚. For hydrophilic 
functionalization, the plasma cleaned silicon substrates were sputter coated with 
gold having 10 nm thickness (referred to as Si-Au in the text). Goniometric 
measurements (MCA-3, Kyowa Interface Science Ltd.) of ≈ 100 nL droplets on Si-Au 
substrates showed advancing contact angle of 𝜃a,app = 45.1˚ ± 5.2˚. 
Hexadecyltriethoxysilane (HDTS, CAS no. 16415-12-6, Sigma Aldrich) was 
deposited by liquid phase deposition on CuO nanostructured surfaces. Before 
deposition, the nanostructured CuO tab was dried in clean nitrogen gas. A solution 
containing a drop of HDTS in 500 mL of hexane was prepared and vigorously 
mixed, before placing the CuO tab in it. The coated Cu tab (referred to as CuO-
HDTS in the text) was removed from the solution after 24 hours, rinsed with 
ethanol, DI water and dried with clean nitrogen gas before placing it in an 
atmospheric oven at 80 °C for 90 mins. Goniometric measurements (MCA-3, Kyowa 
Interface Science Ltd.) of ≈ 100 nL droplets on HDTS coated CuO substrates showed 




Plasma-enhanced vapor deposition was used for obtaining P2i hydrophobic coatings 
on the CNT surfaces. Within a vacuum chamber at room temperature and low 
pressure, the P2i fluoropolymer coating is introduced as vapor and ionized. By 
varying the time of deposition, two different thicknesses of P2i coating, 90 nm and 
30 nm were obtained. Goniometric measurements (MCA-3, Kyowa Interface Science 
Ltd.) of ≈ 100 nL droplets on the thicker (90 nm, referred as CNT1 in text) and 
thinner (30 nm, referred as CNT2 in text) P2i coated sample showed advancing 
contact angles of 𝜃a,app = 130.6˚ ± 2.9˚ and 𝜃a,app = 141.3˚ ± 3.1˚, respectively. Note, 
the functionalized CNT samples were used extensively in condensation experiments 
prior to this study[72], resulting in degradation and lower than expected advancing 
contact angle behavior.  
2.3.4. Surface Characterization 
Contact angle measurements of ≈100 nL droplets on all samples were performed 
using a microgoniometer (MCA-3, Kyowa Interface Science). Field emission 
scanning electron micrographs (QUANTA FEG 450 ESEM, FEI) were performed on 
all samples at an imaging voltage of 5.0 kV with 2.0 nm of spot size. 
2.3.5. Experimental Setup 
Rate of evaporation measurements were performed on a microgoniometer (MCA-3, 
Kyowa Interface Science) combined with a high-speed camera (Fastcam SA2, 




with 3D spatial control ability (X-Y-Z). Illumination was supplied by a LED source 
attached to the dispenser (AITECSYSTEM, TSPA22x8). Droplets were added on the 
sample through a 2D piezoelectric dispenser (X-Z) with voltage and frequency 
control. The experiments were carried out at 6 V, 5-120 Hz (𝑓), and a sample-
dispenser spacing of 5-10 mm (ℎ). Imaging was performed at 7×, 12×, 18× and 24× 
magnification depending on the droplet size. Image acquisition was performed at 
200 fps. All the experiments were performed under ambient conditions (𝑇air = 25 ±
 0.5 ℃, 𝜙 = 50% ± 5%). 
2.4. Results and Discussion 
2.4.1. Steady Measurement Technique 
To study droplet evaporation in ambient conditions, a high speed camera was 
interfaced with a frequency-controlled piezoelectric micro-goniometer. The 
piezoelectric dispenser was placed 5 to 10 mm above the functional surfaces to grow 
droplets (Figure 2-2). The surface-dispenser spacing was chosen to have close 
control of the dispensed droplet trajectory, which is not possible at larger spacings 
due to the presence of random air currents which act to deflect microscale droplets. 
For the spacing range studied (5 to 10 mm), the evaporation dynamics of steady 
droplets were independent of dispenser to surface spacing. Due to the relatively 
small size of departing droplets (≈9 μm), the shape of droplets remained spherical 




Capillary numbers are all much less than one (Bo = 𝜌w𝑔𝑅
2/𝛾 ≪ 1,We = 𝜌v𝑢
2𝑅/𝛾 ≪
1, Ca = 𝜇v𝑢/𝛾 ≪ 1, where 𝑔 is the gravitational constant, 𝑢 is the dispensing speed of 
droplets (≈ 1.5 cm/s), 𝜇v is the vapor dynamic viscosity, 𝜌w and 𝜌v are the liquid and 
vapor densities of water, respectively, and 𝛾 is the water liquid-vapor surface 
tension). For a detailed list of physical property values used in this study, please see 
Table 2-1. As the microscale droplets landed on the functional surface, they began to 
accumulate and grow to form a single larger droplet (Figure 2-3a). The camera focal 
plane was located at the growing droplet mid-plane for the desired optical zoom 
level. Subsequently, while the droplet was growing, contact angle measurements on 
the surface were performed in order to characterize functionality via the apparent 
advancing contact angle. Careful stroboscopic imaging of the dispensing droplets 5 
mm beneath the piezoelectric dispenser confirmed the production of spherical and 
monodisperse droplets (𝑅 = 8.77 ± 0.56 µm, Figure 2-2b) coming from the 
piezoelectric dispenser that were independent of both dispensing frequency (2 Hz < 
𝑓 < 10 kHz) and driving voltage (3-9 V). After surface characterization and droplet 
formation, the frequency of deposition was modulated in order to find the 
dispensing frequency at which the stationary droplet size becomes spatially and 
temporally steady (Figure 2-3b). Once the droplet was steady, the frequency was 
noted, as well as the standard deviation from measurements made on multiple 
locations on the same sample. The frequency of deposition (𝑓) that resulted in a 
steady droplet for a certain droplet diameter was then related to the corresponding 




𝑚 = 4/3𝜋𝑅3𝜌w. For each surface, multiple frequencies were probed in order to 
evaluate the droplet size and dependent evaporation dynamics. 
The piezoelectric head is capable of dispensing picoliter-scale droplets at frequencies 
of 2 – 10,000 Hz during measurement. The potential to introduce vibrations in the 
evaporating droplet by dispensing droplets for the piezoelectric head, which may 
cause the contact line to oscillate, was considered. The Ohnesorge number for a 
water droplet of the size observed during evaporation measurements (diameter 𝐷 ≈ 
50 μm) was Oh = 𝜇w/√𝜌w𝛾𝐷 ≈ 0.01. Therefore, viscous effects are neglected and a 
balance between inertial and surface tension forces is considered. Determining the 
droplet natural frequency for the first resonant mode in this case[73, 74]: 𝑓 =
(𝑅−3/2/2𝜋)√[6𝛾ℎ(𝜃a,app)]/[𝜌𝑤(1 − cos 𝜃a,app)(2 + cos 𝜃a,app)] ≈ 6 kHz, where  𝜃a,app is 
the apparent advancing contact angle of the droplet residing on the surface, and 
ℎ(𝜃a,app) is a geometry factor[75]. The experimental data points were obtained with 
droplet dispensing frequencies of 5 – 120 Hz << 6,000 Hz; therefore, the resonant 
vibration modes of the droplet under observation were not activated and the contact 
line did not oscillate due to addition of picoliter-scale droplets, allowing for accurate 
measurement of steady evaporation dynamics and advancing contact angle during 
droplet dispensing.  
In order to test the stability of the technique on the injection site location, we varied 




the utilization of a 3-axis linear micrometer stage, we were able to move the 
piezoelectric dispenser laterally along the droplets liquid vapor interface and insect 
droplets off center. This was important to test to check whether incoming droplets 
had any effect on vapor diffusion dynamics at the top of the evaporating droplets, as 
well as internal flow structures such as Marangoni flows. For all experiments, a 
negligible difference was observed as a function of droplet injection location on top 
of the droplet for steady droplets having radii > 20 µm, indicating that the steady 
approach is suitable for high accuracy characterization of droplet evaporation. It is 
important to note, due to the finite size of dispensing droplets (𝑅 ≈ 9 µm), the 
minimum recommended steady droplet size is ≈ 20 µm due to the added possibility 
of incoming dispensed droplets (at any frequency) affecting the local vapor diffusion 
dynamics surrounding the droplet residing on the surface. For the steady analysis 
of smaller droplets (< 20 µm), a piezoelectric dispenser having an ejection droplet 
size of 𝑅 ≪ 9 µm should be utilized to avoid coupling between the deposition and 
steady droplets.  
The steady technique of droplet evaporation characterization presents a few 
significant advantages when compared to classical transient based methods. The 
removal of moving liquid-vapor interfaces and three-phase contact lines during 
evaporation allows for the elimination of liquid-gas momentum exchange (i.e. 
motion of the liquid-vapor interface) during evaporation and the characterization of 




particularly important in evaporation processes where vapor diffusion is a limiting 
factor, such as that observed in NCGs[76, 77]. Furthermore, the ubiquitous 
presence of contact angle hysteresis and pinning on surfaces of interest results in 
difficulty in obtaining consistent evaporation results at a fixed contact angle or 
droplet base radius. Instead, an amalgamation of data is obtained with varying 
droplet parameters which must be post processed in order to extract meaningful 
information. The steady technique on the other hand can probe the effects of droplet 
size, droplet base area, contact line length, and contact angle, with high precision, 
high accuracy, and elimination for the need to post-process data in order to obtain 
limited results. Lastly, the consistent addition of liquid at a constant enthalpy 
(temperature) from the piezoelectric dispenser ensures that the temperature profile 
inside the droplet remains steady and that self-cooling due to evaporation does not 
introduce secondary transient effects during the measurement[28].  
2.4.2. Droplet Radius 
Figure 2-4a shows the droplet evaporation rate (?̇?) as a function of the droplet 
radius of curvature (R) as determined by the steady technique. A linear trend was 
observed for all surfaces studied. Interestingly, the results show that the droplet 
contact angle did not play a large role in the rate of evaporation when the 
considered size parameter is droplet radius of curvature. Due to the inability to 
control for contact line length and interfacial area for the varying contact angles, we 




using the droplet radius and the contact angle information. Figure 2-4b shows the 
droplet evaporation rate as a function of droplet base radius, showing a linear 
dependence for each tested sample. However, the contact angle now plays a 
significant role. As the hydrophobicity of the sample increases (i.e. 𝜃a,app increases), 
the rate of evaporation increases for the same droplet base radius. This was due to 
the increase in the exposed liquid-vapor surface area as the advancing contact angle 
increases, resulting in higher heat transfer with the environment[78]. It is 
important to note, however, that the rate of evaporation of the hydrophilic materials 
(Cu and Si-Au) are higher than Si-TFTS, which was hydrophobic, indicating that a 
balance between droplet conduction, contact line length, and liquid-vapor interfacial 
area govern the evaporation process.  
2.4.3. Evaporative Flux 
In order to have a better understanding of the droplet evaporation dynamics, the 
evaporative mass flux (𝑚") was studied. The evaporative flux was evaluated by 
normalizing the rate of evaporation (?̇?, Figure 2-4a, b) with the liquid-vapor surface 
area in order to include the contact angle effects in the analysis (Figure 2-5a). 
Examining Figure 2-5a, the effect of the advancing contact angle on the evaporation 
process can be understood as a balance between liquid-vapor interfacial area for 
vapor diffusion and efficient heat transfer through the droplet required to facilitate 
evaporation. The results show that the evaporative flux increases with decreasing 




transfer between the surface and liquid-vapor interface is a key enabler for efficient 
vaporization. The thermal resistance due to heat conduction through the droplet 




 , (2-1) 
where 𝑘w is the liquid water thermal conductivity. Assuming that vapor diffusion 
and evaporative cooling limitations are negligible compared to droplet conduction 
(large radius limit), the evaporative flux can be determined from 𝑚" ~ ∆𝑇/𝜓cond/
𝑅2 ~ 1/𝑅 ~ 1/𝑅b, in excellent agreement with the results of Figure 2-5a at larger 
length scales (𝑅b > 100 µm, for a log-log plot of Figure 2-5a, please see Figure 2-6). 
In addition, Eq. (2-1) shows that as the contact angle increases from hydrophilic to 
hydrophobic, the droplet conduction resistance increases and 𝑚" decreases, as 
shown in Figure 2-5a. Note, Eq. (2-1) is a valid approximation for droplets residing 
on hydrophobic surfaces, and does not accurately predict thermal resistances of 
droplets on hydrophilic substrates, which continue to decrease as contact angle 
decreases, unlike that suggested by Eq. (2-1).  
2.4.4. Vapor Diffusion 
Droplet conduction may not be the only limit governing droplet evaporation. Indeed, 
vapor diffusion and evaporative cooling at the liquid-vapor interface have been 




high heat fluxes[82, 83]. In order to gain further insight, we compared the 
experimental results with the power law exponent model which can be utilized to 
explain vapor-diffusion controlled condensation and evaporation.[84]  In these 
experiments, due to the presences of NCGs, we expect vapor diffusion limitations to 
play a key role in droplet evaporation dynamics at low length scales where droplet 
conduction is not important (𝑅b < 100 µm) as well as at much larger length scales 
where droplet conduction affects vapor diffusion via the droplet temperature 
distribution, and the two couple to create non-uniform diffusive fields surrounding 
the evaporating droplets.  
At small droplet length scales (𝑅b < 100 µm) as the droplet evaporates, direct 
evaporation of water molecules from the liquid-vapor interface induces a 3D 
concentration gradient of water molecules inside the vapor surrounding the droplet. 
For a constant flux of water molecules leaving the water droplet surface, the 
concentration gradient should vary as 1/𝑅2, resulting in a scaled droplet volumetric 










where, 𝑉 is the volume of water droplet, 𝐷12 is  mutual diffusion coefficient of water 
in air.  Rearranging Equation 2 reveals: 𝑚" ~ (𝑑𝑉/𝑑𝑡)/𝑅2 ~ 1/𝑅2 ~ 1/𝑅b
2, in 
excellent agreement with the results of Figure 2-5a at small length scales (𝑅b < 100 




magnitude analysis and therefore is devoid of constants related to the droplet 
geometry.  
For larger evaporating droplets (𝑅b > 100 µm) which are conduction limited (Eq. (2-
1)), the majority of the evaporation occurs at the contact line as observed by the 
convergence of the evaporative fluxes at large base radii (Figure 2-5a). The 










Rearranging Eq. (2-3) reveals: 𝑚" ~ (𝑑𝑉/𝑑𝑡)/𝑅2 ~ 1/𝑅 ~ 1/𝑅b, in excellent agreement 
with the results of Figure 2-5a at very large length scales (𝑅b > 200 µm, see Figure 
2-6). The power law results reinforce the critical importance that NCGs play in the 
dynamics of droplet evaporation. 
2.4.5. Natural Convection 
To investigate the effects of natural convection with the surroundings of the 
evaporating droplet, the Rayleigh number (Ra) of the droplet for the experimental 
conditions was evaluated. As the droplet size has an important effect on the 
Rayleigh number (~𝑅3), the Rayleigh number had a broad range for the droplets 








where 𝑔 is the gravitational constant, 𝛽 is the thermal expansion coefficient, 𝐷 is 
the diameter of the droplet, ∆𝑇 is the temperature difference between the ambient 
air and the evaporating droplet, 𝛼 is the thermal diffusivity and 𝜈 is the kinematic 
viscosity of air. Utilizing Eq. (2-4) yields Ra ≈ 0.08 for the largest droplet of interest 
(𝑅 ≈ 500 µm), revealing that the heat transport with the surroundings is governed 
by conduction since the maximum Rayleigh number was much smaller than the 
critical Rayleigh number for air (Ra ≪ Racr = 1708)[86, 87].    
2.4.6. Evaporative Cooling 
Evaporative cooling of droplets has been shown to play an important role in the 
dynamics of droplet evaporation[17, 18]. During evaporation, the absorption of 
latent heat results in the cooling of the droplet interface, which in turn reduces the 
local liquid temperature, vapor pressure, and hence evaporation rate. Evaporative 
cooling effects are especially more pronounced in high contact angle (> 90°) droplets 
due to larger liquid-vapor interfacial area, leading to increased resistance to 
evaporation.  
For droplets undergoing evaporation, the relative effect of evaporative cooling 
compared to vapor diffusion can be characterized from the dimensionless 




Ec =  
ℎfg𝐷va𝑏
𝑘w
 , (2-5) 
where ℎfg is the latent heat of evaporation of water, 𝐷va is the diffusion coefficient of 
water  vapor (subscript v) in air (subscript a), 𝑏 = 𝑑𝑐sat(𝑇)/𝑑𝑇, and 𝑐sat(𝑇) is the 
saturated vapor concentration of liquid water at temperature 𝑇. For liquid water at 
room temperature (295 K) and pressure (101 kPa), Ec ≈ 0.11, below the critical 
value, Eccrit = 1, implying that evaporative cooling had negligible influence on the 
droplet evaporation experiments conducted here. 
2.4.7. Effect of Contact Angle 
To further emphasize the scaling results and the delicate balance between vapor 
diffusion and droplet conduction, and to help visualize the effect of the contact 
angle, the evaporative flux data at constant base radii (𝑅b = 60 µm and 𝑅b = 100 
µm) were compared (Figure 2-5b). The results show that droplets having lower 
contact angle are more sensitive to droplet size effects due to the low conduction 
resistance (Eq. 1), dominating 3D vapor diffusion resistance (Eq. (2-2)) and 
mitigation of evaporative cooling due to the flat shape of the droplets[17]. For 
droplets having larger contact angles (> 90°), droplet size effects are less 
pronounced due to the conduction-limit enabling 2D vapor diffusion resistance (Eq. 
(2-3)) which acts to govern evaporation by contact line length. The results indicate 




hydrophilic and hydrophobic surfaces, in excellent agreement with numerical 
results obtained by previous studies[17]. 
2.4.8. Comparison with Classical Transient Methods 
In order to validate our method and to establish a comparison with the traditional 
derivative based technique, we performed additional experiments on the hydrophilic 
(Cu), hydrophobic (CNT1) and a superhydrophobic surfaces (CuO-HDTS) with the 
traditional method to obtain rates of evaporation. Briefly, the evaporation rate was 
calculated from image processing and using the rate approximation of (𝜕𝑅/𝜕𝑡 ≈
∆𝑅/∆𝑡). Figure 2-7 shows the evaporation rate as a function of droplet base radius 
for the classical and steady approach. The transient method overestimates the rate 
of evaporation for each case due to the uncertainties associated with it such as 
variable contact angle during the process, pinning, and interfacial motion. In fact, 
pinning to the surface was observed during the experiments which led to a constant 
droplet base radius for most of the cases with varying contact angle; hence, an 
accurate calculation of the rate of evaporation cannot be performed due to this 
effect. Furthermore, the transient method experiments are conducted by turning 
the droplet flow off, and allowing evaporation to take place as the droplet recedes. 
Thus, the rate of evaporation is obtained for receding contact angle values. On the 
contrary, the steady method developed here utilizes continuous droplet flow and is 
hence characteristic of the droplet evaporation rate in the advancing state with 




method is need to measure time as an additional parameter in the calculations 
since transient effects are observed due to the changes in the size and shape, 
especially for a small droplets. The need for temporal and spatial information can 
therefore increase error in the calculation. However, for the steady technique, we 
eliminate the need for including time as a parameter and only match the frequency 
of deposition to the frequency of evaporation to get a higher fidelity estimation of 
the rate of evaporation. Finally, due to the changes in the droplet size, vapor 
diffusion from the droplet also induces errors in the classical transient based 
method. However, for droplet evaporating at steady state; vapor effects are steady 
as well since no driving forces exist to induce changes on the vapor dynamics in the 
vicinity of the droplet. Hence, for applications requiring steadiness of evaporating 
droplets, the newly developed steady method corrects the shortcomings of the 
traditional unsteady methods. 
The steady method developed here presents a unique platform to study the 
evaporation dynamics of droplets. In addition to higher accuracy, the approach 
allows for the study of a multitude of working fluids at length scales not previously 
possible using transient based methods. For example, low surface tension fluids 
such as ethanol, methanol, and toluene are notoriously difficult to dispense in small 
quantities on omniphobic surfaces. The use of a piezoelectric dispenser eliminates 
this problem by quantizing the dispensed fluid to a small volume and ‘building’ it on 




use the steady approach to build an evaporation rate database for a multitude of 
fluids and conditions. Furthermore, the inexorable presence of contact angle 
hysteresis on any real surface introduces a range of contact angles a droplet can 
exist in for a single droplet base radius in the pinned state. The steady approach 
overcomes this limitation by enabling the study of droplet evaporation on a surface 
for the entire range of contact angles between the receding and advancing state 
without the need for crude approximations. Future studies should use the data 
presented here as a benchmark for 3D numerical simulations of droplet 
evaporation, which classically use non-moving boundaries and the quasi-steady 
approximation[89, 90]. Furthermore, the steady approach developed here has a 
plethora of other applications where the volume flux of a working fluid needs to be 
measured, whether it be permeation through a membrane[91], or the Wickability of 
a superhydrophilic surface[92, 93]. Indeed, the use of the steady approach to 
characterize Wickability of surfaces would eliminate the need for contact based 
methods which may introduce errors in the measurement. 
2.5. Conclusions 
In this study, a steady evaporation method is developed for surfaces of different 
functionalizations (i.e. hydrophilic or hydrophobic). By utilizing a piezoelectric 
dispenser to feed microscale droplets (𝑅 ≈ 9 µm) to a larger evaporating droplet at a 
prescribed frequency, we studied water evaporation of droplets having base radii 




162˚, where 𝜃a,app is the apparent advancing contact angle). Utilizing our steady 
method we showed that the rate of evaporation has a linear dependence on the 
droplet base radius; and the evaporative flux has a linear dependence on contact 
angle for both hydrophobic and hydrophilic samples. We benchmarked our 
technique with the classical unsteady method showing significant improvement (≈ 
140%) in evaporation rate measurement accuracy for droplets evaporating in steady 
state where the contact line and interfacial effects are negligible. Our work not only 
sheds light into the evaporation dynamics for various droplet sizes and contact 
angles on functional surfaces, it provides an experimental platform that enables the 
decoupling of the intricate and length-scale-dependent balance played by internal 
and external flows, evaporation kinetics, thermocapillary motion, and binary-











Table 2-1. Physical property symbols and values. 
Variable Symbol Value 
Density of Water [kg/m3] 𝜌w 1002 
Density of Vapor [kg/m3] 𝜌v 50 
Dynamic Viscosity of Water [mPa ∙ s] 𝜇w 0.9 
Dynamic Viscosity of Vapor [mPa ∙ s] 𝜇v 0.009 
Liquid-Vapor Surface Tension of Water 
[mN/m] 
𝛾 72 
Kinematic Viscosity of Air [mm2/s] 𝜈 15.8 
Thermal Diffusivity of Air [mm2/s] 𝛼 22.3 
Latent Heat of Vaporization [kJ/kg] ℎfg 2440 
Thermal Conductivity of Water [W/mK] 𝑘w 0.61 











Figure 2-1. Scanning electron microscopy images of (a) gold coated silicon wafer 
(Si-Au) (𝜃a = 45.1° ± 5.2°), (b) polished copper (Cu) (𝜃a = 85˚ ± 1.9˚), (c) TFTS coated 
silicon wafer (Si-TFTS) (𝜃a = 110.6˚ ± 2.8˚), (d) 90 nm P2i Carbon Nanotubes 
(CNT1) (𝜃a,app = 130.6˚ ± 2.9˚), (e) 30 nm P2i Carbon Nanotubes (CNT2) (𝜃a,app = 





Figure 2-2. (a) Schematic of the experimental setup. The substrate is placed on top 
of the stage at ambient temperature, and droplets grown on the substrate. The 
piezoelectric dispenser is placed a distance ℎ above the substrate, and forms small 
microdroplets (≈ 9 µm diameter) to feed the bigger droplet growing on the substrate. 
The droplet growth process is monitored by a high speed camera from the side. 
Images from the high speed camera of the (b) strobed dispensing microdroplets, and 
the growing droplet on the substrate (c) right before and (d) right after incoming 
droplet coalescence. The small droplet on top of the large droplet residing on the 





Figure 2-3. Side view time lapse images of droplet growth for frequency of 
microdroplet deposition of (a) 𝑓 = 10 Hz. (b) Droplet radius as a function of time for 
different frequency of deposition. It is seen that the droplet asymptotes a constant 
size as the deposition time increases due to the matching of rate of evaporation and 
rate of deposition at a certain droplet radius. 
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Figure 2-4. Rate of evaporation as a function of the (a) droplet radius and (b) 
droplet base radius for all tested samples. The rate of evaporation varies linearly 
with increasing droplet size due to the linear dependence of contact line length with 
base radius. 
 
Figure 2-5. Droplet evaporative flux as a function of the (a) droplet base radius (𝑅b) 
and (b) droplet advancing contact angle (𝜃a). A cut-off exists at 𝜃a = 90° due to the 
change in the cause of evaporation (for a hydrophilic sample, the heat transfer from 
the base governs evaporation; whereas evaporation is governed by vapor diffusion 










Figure 2-6. Evaporative flux as a function of the droplet base radius in the 
logarithmic scale. The results show that the evaporative flux varies in accordance 





Figure 2-7. Droplet rate of evaporation characterized by the traditional transient 
method (solid symbols) and the steady method (hollow symbols). For all surfaces 
tested, the traditional method overestimates the rate of evaporation by 
approximately 140% due to the inner transient effects and the liquid-gas 
momentum exchange at the interface. The main sources of error included 
measurement error of droplet size for the traditional method, and error due to 









CHAPTER 3: DROPLET EVAPORATION DYNAMICS ON 
BIPHILIC AND BICONDUCTIVE SURFACES 
3.1. Overview 
Surface structuring gained a high importance with the recent advancements in 
nanotechnology. Many different nanostructured surfaces have been developed to 
promote phase change heat transfer including functional surfaces and lubricant 
infused surfaces. While these surfaces offer great improvements in the overall heat 
transfer; they do not allow for spatial control of droplets. Hence, scientists 
developed nature inspired biphilic samples which allow for spatial control of 
nucleation sites and droplet shapes by exploiting hydrophilic spots on a hydrophobic 
base, or vice versa. While this kind of surface arrangement offers many advantages, 
biphilic samples exhibit very high contact angle hysteresis, making them 
unfavorable for a plethora of applications. Hence, scientists developed similar 
surfaces called biconductive surfaces which possess different thermal conductivity 
spots on the base in order to display lower receding contact angles while ensuring 
spatial control. Here, we employ the steady method to study the evaporation 
dynamics of water droplets on biphilic and biconductive surfaces having different 
base radii (20 ≤ 𝑅b ≤ 200 μm, where 𝑅b = 𝑅 sin 𝜃a,app is the base radius) at standard 
air conditions (𝑇air= 25 ± 0.5 ℃, 𝜙 = 50% ± 5%, 𝑃 = 1 atm). Using our steady 
method, we display that biphilic and biconductive surfaces act identical to regular 




spatial variation due to the presence of spots of different wettability, observing 
negligible differences in the droplet rate of evaporation.  We benchmark our results 
with scaling arguments of governing physical equations, obtaining close 
agreements. Our work characterizes the evaporation dynamics on biphilic and 
biconductive surfaces, and offer insights into the studying of droplet evaporation 
physics on nanoscale droplets grown on these surfaces. 
3.2. Introduction 
With the advancements in nanotechnology, surface structuring gained a higher 
importance in the past few decades. Many different surfaces with desired 
wettability characteristics have been developed for two phase heat transfer[51]. All 
of these surfaces have distinct condensation, boiling and evaporation characteristics 
due to differences in droplet geometries and nucleation characteristics[94]. In order 
to have more control on the nucleation sites, or direct the droplet positions; 
scientists proposed surfaces that have wettability contrasts[95-97]. These surfaces, 
called biphilic surfaces, are also observed in the nature (such as Namib desert 
beetle[98] and banana leaf[99]). These surfaces are usually obtained by fabricating 
nanostructured hydrophilic spots on hydrophobic substrates, or vice versa[100-104]. 
These surfaces have many advantages due to spatial control of droplet growth sides, 
and are used in many applications such as fog harvesting[105, 106] and 
condensation heat transfer[107, 108]. However, the main drawback of these 




hydrophilic tips, which is expected for a fixed structure geometry as the local 
receding contact angle of the hydrophilic tip decreases[109, 110]. Hence, scientists 
have started developing different surfaces that act similar to biphilic surfaces; 
however, display lower contact angle hysteresis, called biconductive surfaces[111].  
In this study, we investigate the evaporation of water droplets on biphilic and 
biconductive surfaces employing our steady method for a range of droplet sizes (20 
≤ 𝑅b ≤ 200 μm, where 𝑅b = 𝑅 sin 𝜃a,app is the base radius). We study six different 
biphilic and six different biconductive surfaces with distinct structural 
characteristics. We neglect the effects of Marangoni and buoyancy convection since 
the droplets are sufficiently small, making conduction the dominant form of heat 
transfer within the droplet[112]. Our results show that water droplets evaporating 
on biphilic and biconductive surfaces exhibit similar behavior to droplets 
evaporating on functional surfaces due to the droplet size being larger than feature 
dimensions, displaying similar evaporation rates and the same linear trend (𝑅b >> 
15 μm). We further show that the evaporation of biphilic and biconductive surfaces 
is governed by the droplet shape; and hence the contact angle. Finally, we also show 
that spatial variations in the evaporative flux are negligible due to the high droplet 
sizes. The outcomes of this work suggest that the droplet evaporation dynamics of 
biphilic and biconductive surfaces are identical to functional surfaces at the 




with a different setup capable of producing nanodroplets to investigate the 
evaporation of nanodroplets on biphilic and biconductive surfaces. 
3.3. Experimental Methods 
3.3.1. Experimental Procedure 
To study the droplet evaporation dynamics on biphilic and biconductive surfaces, we 
studied six biphilic and six biconductive surfaces with distinct characteristics. The 
pillar specifics and the macroscopic contact angles of the studied surfaces are given 
in Table 3-1. 
We used the identical experimental setup to our previous work with a high speed 
camera integrated (Fastcam SA2, Photron) piezoelectric micro-goniometer (Figure 
2-2, MCA-3, Kyowa Interface Science). The ambient temperature and relative 
humidity values were recorded using a handheld measurement device (Omega 
HX93BD).    
3.3.2. Surface Fabrication, Functionalization and 
Characterization 
To fabricate the biphilic surfaces, silicon wafers were first cleaned by rinsing with 
acetone, methanol, ethanol, isopropyl alcohol (IPA) and deionized (DI) water. Then, 
a photoresist was deposited on the surface to prepare it for functionalization. This 




containing the desired feature size was also used at this stage to help develop the 
features on the wafer. To create the holes in wafers, deep reactive-ion etching 
(DRIE) was used to ensure size control and smooth surface structures. To create the 
hydrophobic spots, octafluorocyclobutane (C4F8) was coated on the substrate using 
plasma-enhanced chemical vapor deposition (PECVD). Finally the photoresist was 
removed to obtain the final biphilic samples.  
Biconductive surfaces were fabricated using a similar approach. First, silicon wafers 
were cleaned with acetone, methanol, ethanol, IPA and DI water, followed by 
photoresist deposition. Then, the wafer was exposed to UV light with the same 
mask in order to have the same feature size as the biphilic samples. This was 
followed by DRIE to create smooth holes in the surface. The next step was to strip 
to photoresist and fill the holes with epoxy to create features of different thermal 
conductivity. Then, the excess epoxy is polished away, and C4F8 is deposited on the 
surface via PECVD to obtain the final biconductive surfaces.   
3.3.3. Experimental Setup 
The steady method was employed to carry out rate of evaporation measurements on 
the surfaces of interest on a micro-goniometer (MCA-3, Kyowa Interface Science) 
interfaced with a high speed camera (Fastcam SA2, Photron). The experiments were 
performed at 6-7 V, 5-500 Hz (𝑓), a sample-dispenser spacing of ≈ 6 mm (ℎ). 




acquisition was done at 200 fps. The stage was illuminated by a LED source 
(AITECSYSTEM, TSPA22x8). Experiments were performed at standard air 
conditions (𝑇air= 25 ± 0.5 ℃, 𝜙 = 50% ± 5%, 𝑃 = 1 atm, Figure 2-2). 
3.4. Results and Discussion 
3.4.1. Droplet Size 
Similar to our previous studies (Section 2.4.2), the effect of the droplet size on the 
evaporation rate is investigated. Figure 3-1 displays a linear relation between the 
droplet evaporation rate (?̇?) of water droplets and droplet base radius 𝑅b as 
observed before. However, it is seen that biconductive surfaces exhibit much higher 
droplet evaporation rates due to higher apparent advancing contact angles. For 
biphilic and biconductive surfaces with similar structural characteristics (i.e. pillar 
height and spacing), we see as much as ≈50% improvement in the rate of 
evaporation due to increased advancing contact angles. As shown in Section 2.4.2, 
we see that more fluid-to-vapor exchange is observed at the interface due to 
increased surface area, and hence increased heat transfer with the surroundings.  
3.4.2. Evaporative Flux 
We normalized the droplet rate of evaporation with the liquid-vapor surface area to 
include the contact angle effects in the analysis to have a better grasp on the 




The results show that evaporative flux increases with decreasing contact angle as 
previously noted due to the more efficient heat transfer between the liquid-vapor 
interface and the surface. To understand better, we revisit Eq. (2-1) (Section 2.4.3) 
assuming vapor diffusion and evaporative cooling limitations are negligible 
compared to droplet conduction at larger length scales (𝑅b > 100 μm). We see that at 
larger length scales, evaporative flux varies linearly with droplet size (𝑚′′~1 𝑅b⁄ ) 
due to conduction, in excellent agreement with our results (Figure 3-3). 
Similarly, vapor diffusion at the liquid-vapor interface plays a vital role in the 
dynamics of droplet evaporation at short length scales (𝑅b < 100 μm) as shown in 
Chapter 2. Carrying the same analysis assuming a 3D concentration gradient from 
the liquid-vapor interface (1 𝑅2⁄ ), we obtain that 𝑚′′~1 𝑅b
2⁄ , in excellent agreement 
with Figure 3-3 at shorter length scales (𝑅b < 100 μm).  
Further studying vapor diffusion for droplets of larger scales (𝑅b > 100 μm), we 
obtain a 2D concentration gradient (1 𝑅2⁄ ) as majority of the evaporation happens at 
the contact line. Revisiting Section 2.4.4, we obtain that 𝑚′′~1 𝑅b⁄ , in excellent 
agreement with the results of Figure 3-3 at longer length scales. Here, we show that 





3.4.3. Natural Convection 
Another phenomenon that governs droplet evaporation is natural convection with 
the surroundings. As the surface temperatures and ambient properties are the 
same, the analysis performed in 2.4.5 would be identical; showing that natural 
convection is negligible and the main mechanism of heat transport with the 
surroundings is conduction. 
3.4.4. Effect of Contact Angle 
In order to further visualize the effects of the contact angle, we study the rate of 
evaporation of droplets at similar droplet base radii (𝑅b = 80 ± 5 μm). Our results 
show an inverse decay due to increasing liquid-vapor interfacial area with 
increasing advancing contact angle, as obtained in 2.4.7 and by other studies[17] 
(Figure 3-4).  
3.4.5. Spatial Variation 
Since the biphilic and biconductive surfaces consist of hydrophilic and hydrophobic 
spots, spatial effects may be important, especially at length scales comparable to 
pillar characteristic lengths (𝑅b < 10 μm). However, studying those length scales 
was not possible with our current setups due to the limitations imposed by the 
dispensed droplet sizes from the piezoelectric dispenser (𝑅 ≈ 9 μm). Thus, our 




order to ensure stability in our method (𝑅b > 15 μm). The variations in the 
evaporative flux are given in Figure 3-5. Examining Figure 3-5, we see that the 
variations are lower than 15%. Furthermore, it is seen that variations decrease with 
increasing droplet base radius as expected; however, the results are not sufficiently 
conclusive as the studied length scales are not descriptive enough of the 
characteristic length scales at which the location which the droplet resides at may 
play an important role. This fact needs to be examined if the limitations of the 
experimental setup are overcome.  
3.4.6. Changes in Contact Angle 
We recorded the advancing contact angle data for every rate of evaporation 
measurement. Figure 3-6 shows that both for biphilic and biconductive samples, the 
droplet size plays an important role in the contact angle. As the droplet base radius 
approaches the feature size of the surface (𝑅b ≤ 100 μm), the droplets exhibit lower 
apparent advancing contact angles since microstructures play a bigger role in the 
formation of the three-phase contact line when the feature sizes are comparable. 
However, it is seen that as the droplet size gets bigger, the advancing contact angle 
asymptotes the macroscopic equilibrium value since the microstructures lose their 




3.4.7. Comparison to Functional Surfaces 
In order to finalize the analyses on the evaporation of water droplet on biphilic and 
biconductive surfaces, we compared the rate of evaporation values to regular 
functional surfaces of similar contact angle values (Figure 3-7). The results show 
that evaporation of droplets residing on biphilic and biconductive surfaces are 
governed by contact angle at the investigated length scales, similar to regular 
functional surfaces. Hence, we conclude that biphilic and biconductive surfaces act 
as regular functional surfaces due to the fact that the base plays a minor role in 
evaporation and the majority of the evaporation takes place at the interface.  
On the other hand, we note a slight decrease in the rate of evaporation values for 
biphilic and biconductive surfaces due to the stick-slip motion that takes place as 
the droplet is grown on the surface. The stick-slip motion results in better mixing 
inside the droplet, yielding more uniform temperature profiles. As the droplet is 
cooled due to evaporation, the stick-slip motion results in a lower droplet mean 
temperature, limiting the heat transfer with the surroundings and with the base. 
Hence, there is a small reduction in the rate of evaporation values for biphilic and 
biconductive surfaces.   
Here, it should be noted that this behavior is expected to change at lower droplet 




experimental platform at which smaller monodisperse droplets could be grown on 
the substrates. 
3.5. Conclusions 
In this study, evaporation dynamics of water droplets on biphilic and biconductive 
surfaces were studied using the steady method for a wide range of droplet base radii 
(20 ≤ 𝑅b ≤ 200 μm) and a total of twelve surfaces. Our results show that the rate of 
evaporation displays a linear trend due to the balance in droplet conduction and 
vapor diffusion. Furthermore, we also show that the biphilic and biconductive 
surfaces act like regular functional surfaces for the studied droplet base radii due to 
the droplet size being much larger than the feature size of the surfaces (𝑅b > 15 μm). 
Finally, we showed that the spatial variations in the evaporation rate and 
evaporative flux are negligible at the considered droplet size range. This works 
offers insights into new avenues in the study of droplet evaporation dynamics on 







Table 3-1. Pillar feature sizes (length and pitch), and the macroscopic equilibrium 
apparent advancing contact angles for the tested biphilic and biconductive surfaces. 
Sample Length (𝛍m) Pitch (𝛍m) Contact Angle 
(°) 
BP1 10 20 125.17 ± 0.75 
BP2 10 30 122.90 ± 1.61 
BP3 15 20 115.23 ± 1.88 
BP4 15 50 115.57 ± 0.25 
BP5 15 100 113.33 ± 5.51 
BP6 15 150 116.77 ± 2.15 
BC1 10 20 148.0 ± 1.59 
BC2 10 30 160.7 ± 0.78 
BC3 15 20 138.07 ± 14.26 
BC4 15 50 157.40 ± 0.89 
BC5 15 100 162.07 ± 1.07 






Figure 3-1. Droplet Rate of Evaporation vs. Droplet Base Radius for different 
biphilic and biconductive surfaces. It is seen that the slope for the rate of 
evaporation is identically higher for all of the studied biconductive surfaces, 
meaning more fluid into vapor exchange takes place at the interface for the 






Figure 3-2. Droplet Evaporative Flux vs. Droplet Base Radius for different biphilic 
and biconductive surfaces. It is seen that the evaporative flux is identically higher 






Figure 3-3. Droplet Rate of Evaporation vs. Droplet Base Radius for different 
biphilic and biconductive surfaces. The results show that the evaporative flux varies 












Figure 3-4. The evolution of the Evaporative Flux with the Macroscopic Advancing 
Contact Angle. It is seen that the evaporative flux decreases in an inverse way as 
obtained by other studies due to the increasing liquid-vapor interfacial area with 





Figure 3-5. Spatial Variation of the Evaporative Flux vs. Droplet Base Radius for 
different biphilic and biconductive surfaces. It is seen that the location of the 
evaporating droplet on the surface only plays a minor role, accounting for < 15% 





Figure 3-6. Apparent advancing contact angle as a function of the droplet base 
radius for different biphilic and biconductive surfaces. It is seen that the advancing 
contact angles increase and asymptote the macroscopic values due to the changes in 






Figure 3-7. Comparison of the rates of evaporation values for biphilic and 
biconductive surfaces to regular hydrophobic functional surfaces. It is seen that 
they exhibit similar evaporative behavior. This shows that the evaporation 
dynamics for these surfaces are governed by the 3-D mass transport at the interface 








CHAPTER 4: EFFECTS OF THERMAL CONDITIONS ON 
THE EVAPORATION OF DROPLETS 
4.1. Overview 
Droplet evaporation governs many thermal processes and has been a hot topic of 
interest for the scientists over the last century. Many different transient based 
techniques have been developed to characterize the rate of evaporation of droplets. 
However, these methods suffer from errors induced by the transient effects induced 
by the shape and size changes of the droplet. Furthermore, investigating 
microdroplets evaporating on hydrophilic samples, or microdroplets of low surface 
tension fluids are extremely difficult with these methods. To overcome these issues, 
we recently developed a steady method to study droplet evaporation dynamics in 
which the deviations induced by the transient effects were minimized. Additionally, 
the use of the steady method also facilitates the studying of microdroplets of low 
contact angles. Here, we employ the steady method to study the evaporation 
dynamics of water droplets having different base radii (20 ≤ 𝑅b ≤ 260 μm, where 
𝑅b = 𝑅 sin 𝜃a,app is the base radius) on different functional surfaces (45˚ ≤ 𝜃a,app ≤ 
162˚) for different surface temperatures (30 < 𝑇s < 60 ℃). Using our steady method, 
we also examine the effects of relative humidity on the droplet rate of evaporation 
(40% < 𝜙 < 60%). Furthermore, evaporation dynamics of low surface tension fluids 
(ethanol, hexane and dodecane) are also investigated for different base radii (90 ≤




our results with scaling arguments of governing physical equations, obtaining close 
agreements. Our work not only characterizes the physics of droplet evaporation for 
droplets of distinct working fluids, shapes and sizes, but also demonstrates the 
advantages of employing the steady method to study the ubiquitous droplet 
evaporation processes.   
4.2. Introduction 
Droplet evaporation governs several thermal processes such as liquid hydrocarbon 
combustion[62, 65, 113, 114] and phase change heat transfer[10, 16-19, 66]. Due to 
their wide applications, researchers have widely studied evaporation of droplets of 
different fluids including water[31, 38, 78, 115-122], ethanol[123-128], hexane[19, 
129, 130], and dodecane[128, 131]. Droplet evaporation is characterized by the rate 
at which liquid is transformed into the vapor phase in a given period of time. A 
multitude of studies have been performed in an attempt to investigate the rate of 
evaporation of droplets accurately[10, 33, 38, 67, 69, 132]. These studies typically 
depend on measuring temporal size changes in a droplet, suffering from deviations 
added by the transient effects outside and inside the droplet, interfacial dynamics 
at the liquid-vapor interface, and moving contact lines. Furthermore, microscale 
droplets (𝑅 < 500 μm) are extremely hard to study due to the changing shape of the 
droplet with reducing contact line on wettability patterned surfaces. Furthermore, 
most surfaces exhibit extremely low contact angles (𝜃 < 90°) with low surface 




which themselves are usually volatile in nature, becomes much harder than regular 
water droplets due to the shorter time and dynamic nature of the process. Recently, 
we proposed a novel steady method to investigate droplet evaporation dynamics of 
water droplets by feeding microscale droplets (≈ 20 µm in diameter) to a spatially-
steady larger evaporating droplet[133]. By altering the frequency of the dispensing 
microdroplets, we balanced the rate of evaporation with the rate of liquid addition, 
thereby maintaining a constant shape and size of the evaporating droplet. The rate 
of evaporation could then be calculated from the volume of the added liquid 
deposition. The steady method facilitates the elimination of transient effects in the 
measurements, and enables studying of microdroplets of different sizes and shapes.   
Evaporation is a mass transport process that happens between the fluid and the 
surroundings. Therefore, thermal conditions including surface temperature, 
ambient temperature and relative humidity govern the evaporation process. Higher 
surface temperatures increase the thermal gradients in the droplet, as well as its 
mean temperature; resulting in higher evaporation rates[36, 134, 135]. Similarly, 
higher ambient temperature yields higher evaporation rates due to the increase in 
the heat that is available to be absorbed by the droplets, and the increased 
saturation concentration of water at higher temperatures[136]. On the other hand, 
increased relative humidity results in a decrease in the concentration gradient of 




In this study, we employ our previously developed steady method to examine 
evaporation dynamics of water droplets for a range of droplet sizes (20 ≤ 𝑅b ≤ 260 
μm, where 𝑅b = 𝑅 sin 𝜃a,app is the base radius) and advancing contact angles (45˚ ≤ 
𝜃a,app ≤ 162˚) for different surface temperatures (30 < 𝑇s < 60 ℃). Furthermore, 
effects of relative humidity on droplet rate of evaporation is also investigated (40% < 
𝜙 < 60%). Additionally, to compare the evaporation dynamics of other droplets with 
that of water, we studied the evaporation of microdroplets of ethanol, hexane and 
dodecane for base radii (90 ≤ 𝑅b ≤ 400 μm) and surface temperatures (10 < 𝑇s  < 25 
℃). We neglect the effects of Marangoni and buoyancy convection since the droplets 
are sufficiently small, making conduction the dominant form of heat transfer within 
the droplet[112]. Our results show that the rate of droplet evaporation in the 
presence of non-condensable gas (NCG) (atmospheric ambient conditions) increase 
linearly with increasing droplet base radius due to the linear dependence of contact 
line length with base radius. Additionally, we display an exponential increase of 
droplet rate of evaporation with surface temperature due to the exponential 
dependence of vapor pressure on temperature. We also show that surface 
functionality (i.e. hydrophobic or hydrophilic) loses its importance at elevated 
temperatures (𝑇 > 45 ℃) due to the balancing of heat transfer with the 
surroundings at the interface and heat transfer with the surface at the base for 
droplets of different shape. We further show a linearly decreasing behavior of rate 
of evaporation of water droplets with increasing relative humidity since the increase 




transfer between the liquid and vapor phase diminishes as equilibrium state is 
neared. Finally, we demonstrate that vapor pressure of the liquid plays a vital role 
in the rate of evaporation, which increases with increasing vapor pressures at a 
given temperature. The outcomes of this work suggest that the use of steady 
method to study droplet evaporation dynamics yields a strong experimental 
platform due to the elimination of transient effects and the effects of internal and 
external flows on droplet evaporation, and provides new avenues for the 
investigation of evaporating droplets of different fluids, shapes and sizes.  
4.3. Materials and Methods 
4.3.1. Surface Fabrication, Functionalization and 
Characterization 
For the evaporation experiments, we used several functional surfaces with distinct 
wetting characteristics. We used uncoated and gold coated smooth Si samples, as 
well as microstructured CuO surfaces functionalized with silane coating. These 
surfaces are identical to those used in our previous work. For surface fabrication, 
functionalization and characterization of these surfaces, please refer to Chapter 2. 
Additionally, we used lubricant-infused surface (LIS) and hierarchical structured 
surfaces for studying evaporation of water, ethanol, hexane and dodecane. For 
fabricating LIS surface, microstructured CuO surfaces were initially formed by 




Na3PO4·12H2O, and deionized (DI) water (3.75:5:10:100 wt%). Hydrophobic 
functionalization was obtained by depositing heptadecafluorodecyltrimethoxy-silane 
(HTMS) on the structured CuO surfaces. Lubricant-infused surface was fabricated 
by dip coating the functionalized nanostructured CuO surface in fluorinated 
lubricant Fomblin Y14/6 (Solvay). Recent studies have shown fluorinated lubricants 
to be ideal for low surface tension fluids applications [55, 138]. The 
superhydrophobic hierarchical surface was fabricated through spray coating a 
stainless steel substrate with fluorinated silica (F-SiO2) particles[139]. Fluorinated 
silica (F-SiO2) particles were suspended in n-hexane solution and spray coated on a 
polyurethane coated stainless steel surface. The surface was then allowed to dry at 
room temperature for a day. Subsequently, the substrate was rinsed in hexane and 
then DI water to remove excessive F-SiO2 particles.  
4.3.2. Experimental Procedure 
To study the effects of droplet size, surface temperature, relative humidity, and 
volatility, we used 5 different functional and lubricant-infused surfaces (LIS) with 
distinct wetting characteristics, including a gold coated silicon wafer (Si-Au, 
𝜃a,water = 45.1˚ ± 5.2˚), smooth silicon wafer coated with a fluorinated silane (TFTS) 
(Si-TFTS, 𝜃a,water = 110.6˚ ± 2.8˚), HDTS coated copper oxide microstructures (CuO-
HDTS, 𝜃a,app,water = 162.0˚ ± 2.9˚), fluorinated lubricant Fomblin Y14/6 infused 
microstructured copper oxide (LIS) surface  (F14/6, 𝜃a,water = 117.2˚ ± 3.7˚, 𝜃a,ethanol 




surface (Cu, 𝜃a,water = 85.0˚ ± 1.9˚, 𝜃a,ethanol = 85.0˚ ± 1.9˚), and a superhydrophobic 
hierarchical stainless steel surface spray coated with fluorinated silica (FS, 
𝜃a,app,water = 159.0˚ ± 2.3˚, 𝜃a,app,ethanol = 93.0˚ ± 2.2˚). Low contact angles 
approaching superhydrophilicity were not studied here due to requirement for wide 
angle imaging techniques. 
The experimental setup used for the evaporation experiments is described in detail 
in our previous work. In brief, it consists of a high speed camera integrated 
(Fastcam SA2, Photron) with a piezoelectric micro-goniometer (MCA-3, Kyowa 
Interface Science). The rate of microdroplet dispensing from the piezoelectric 
dispenser can be controlled by the frequency controller, and different radii steady 
droplets can be obtained on the test surface placed horizontally on the stage. To 
control the surface temperature of the samples, we interfaced a chiller (PolyScience 
AD20R-30-V11BR, -30 ℃ < 𝑇 < 200 ℃) with the stage. A handheld thermocouple 
device (Traceable Products) was used to accurately measure the sample surface 
temperatures, which were different from the set chiller temperatures due to 
thermal resistance induced by the sample thickness. Similarly, the ambient 
temperature and relative humidity values were recorded using a handheld 
measurement device (Omega HX93BD).    
Small, monodisperse droplets of the studied fluids were dispensed onto the sample 




analyses. The evaporating droplet was brought into steady state by modulating the 
frequency of deposition of small droplets. After steady state was achieved, the rate 
of deposition of the working fluid was calculated from the set dispenser frequency 
and the measured droplet volume of the individual dispensed microdroplets to 
obtain the rate of evaporation. Droplet volume analysis was performed using the 
mean size of the deposited droplets (𝑅 = 8.77 ± 0.56 μm for water [Figure 4-1a], 𝑅 = 
16.47 ± 1.73 μm for ethanol [Figure 4-1b], 𝑅 = 12.67 ± 0.22 μm for hexane [Figure 
4-1c] and 𝑅 = 5.37 ± 0.57 μm for dodecane [Figure 4-1d]) obtained by strobe imaging 
for different fluids.   
4.3.3. Experimental Setup 
Steady state droplet evaporation experiments were performed on the surfaces of 
interest using a micro-goniometer (MCA-3, Kyowa Interface Science) interfaced 
with a high speed camera (Fastcam SA2, Photron) (Figure 4-2). The experiments 
were performed at 6-7 V, 5-500 Hz (𝑓), a sample-dispenser spacing of ≈ 6 mm (ℎ). 
Imaging was carried out at 7-24X magnification depending on the droplet size, 
acquisition was done at 200 fps. A chiller (PolyScience AD20R-30-V11BR) was 
connected to the 3D stage to control the sample temperature (10 ℃ <  𝑇 < 60 ℃). 
Moreover, a mist humidifier (Taotronics TT-AH001) was also connected to the 
system to carry out relative humidity experiments (20% <  𝜙 < 60%). The stage was 




4.4. Results and Discussion 
4.4.1. Droplet Size 
Evaporation from liquid surface greatly depends on the droplet size which governs 
the mass transport between the liquid and vapor phases in a given 
environment[140, 141]. In our previous work, we showed a linear dependency of the 
droplet evaporation rate (?̇?) of water droplets on the droplet base radius 𝑅b at 
ambient temperatures. Here, we started by extending our previous work, by looking 
at the dependency of the evaporation rates (?̇?) on  𝑅b     for different surface 
temperature values (𝑇s  ≈ 30, 40, 50 ℃), as shown in Figure 4-3. Though the 
dependence was linear, the contact angle of the droplet plays an important role on 
the droplet evaporation rate for different temperatures. At lower surface 
temperatures, the rate of evaporation increases with hydrophobicity of the sample 
for similar sized droplets (Figure 4-3a-b). This can be explained due to the higher 
exposed liquid-vapor surface area which results in higher heat transfer with the 
environment when the temperature differences with the substrate are small[78]. On 
the other hand, Figure 4-3c shows that the contact angle loses its importance as 
higher temperatures are achieved and the droplet evaporation rates become similar 
for droplets of similar size evaporating on different surfaces. This indicates that a 
balance is formed between the heat transfer with the surroundings, which is higher 




hydrophilic surfaces as the surface and the droplet mean temperatures are 
increased. 
Low surface tension fluids are extensively used in heat transfer applications such as 
combustion of fuels[142, 143], petrochemical refineries[144, 145], natural gas 
production[146, 147], and microfluidics[148, 149]. However, studying the 
evaporation of a single microdroplet of low surface tension fluids using conventional 
methods is a challenge due to its transient nature. Furthermore, conventional 
water-repellent (hydrophobic) surfaces fail for low surface tension fluid applications 
due to comparable surface energies of the functional coatings and the working fluid. 
On hydrophobic substrates, non-aqueous liquids show low advancing contact angle 
and high contact angle hysteresis, resulting in surface wetting and droplet 
spreading. Thus our evaporation studies of low surface tension fluid droplets were 
limited to liquid infused surfaces (LIS) and omniphobic surfaces. Using our fixed 
sized steady state experimental method, we studied the evaporation of ethanol (𝛾 = 
22 mN/m, Figure 4-4), hexane (𝛾 = 18.43 mN/m, Figure 4-5) and dodecane (𝛾 = 25.35 
mN/m, Figure 4-6) droplets having a base radius in the range of 90-400 μm. 
Additionally, low surface tension fluids alcohols and hydrocarbons have 
significantly higher vapor pressures and lower boiling point as compared to water 
(Table 4-1). Hence, for our evaporation experiments, we were limited to lower 
temperatures (10 to 25 ℃). A close investigation of Figures Figure 4-4 toFigure 4-6 




radius for the ethanol, hexane, and doecane, respectively, similar to that of water. 
This was expected from the scaling studies performed previously, since the change 
of properties of the working fluid only changes the magnitude of the evaporation 
rates, and not the underlying physical forces that govern the evaporation dynamics.  
Other important aspects governing droplet evaporation are droplet conduction and 
vapor diffusion. For a detailed analysis on the effects of these phenomena, please 
examine Sections 2.4.3 and 2.4.4.  
4.4.2. Evaporative Cooling 
Self-cooling of evaporating droplets plays an important role in the dynamics of 
droplet evaporation[17, 18]. The conversion of liquid to vapor from the surface of an 
evaporating droplet absorbs the latent heat of vaporization from the remaining 
liquid in the droplet, which cools the droplet interface and in turn reduces the local 
liquid temperature, vapor pressure, and hence the evaporation rate. Self-cooling 
becomes especially important for hydrophobic samples due to larger liquid-vapor 
interfacial area, leading to increased resistance to evaporation. 
4.4.2.1. Calculation of Interfacial Temperatures 
A number of previous studies captured the effect of self-cooling of droplets due to 
evaporation, focusing on an isothermal interface[150, 151]. For evaporating 









where ℎfg is the latent heat of evaporation of the evaporating fluid, 𝐷va is the 
diffusion coefficient of the vapor of the evaporating fluid (subscript v) in air 
(subscript a), 𝑀 is the molecular mass of the evaporating fluid, 𝑃v,int is the vapor 
pressure at the interface, 𝑘f is the thermal conductivity of the evaporating fluid, 𝑅g 
is the universal gas constant and 𝑇air is the room temperature. Inspecting Eq. (4-1) 
in detail, it is evident that for given fluid and ambient conditions, the only unknown 
parameter is the interfacial temperature 𝑇int, which can be solved iteratively. Here, 
it should be noted that the effects of the substrate have been neglected in the 
development of this equation.  
4.4.2.1.1. Calculation of Vapor Pressure 
Vapor pressure values were calculated using Antoine’s equation (Eq. (4-2)) using 
the respective coefficients for each working fluid[152]. These coefficients are given 
in Table 4-2 [153]. Here, the obtained vapor pressure values are in mmHg, and the 
input temperatures are in ℃.  
𝑃v =  10
𝐴−
𝐵




4.4.2.1.2. Calculation of Latent Heat of Vaporization 
Enthalpy of vaporization was calculated differently for each working fluid. For 
water, it was calculated using the slope of the Clasius-Clapeyron equation and (4-2). 
For the low surface tension fluids, latent heat of vaporization was calculated using 
Eq. (4-4)[154]: 
ℎfg =  𝐴 ∗ exp (−𝛼
𝑇
𝑇c
⁄ )(1 − 𝑇 𝑇c
⁄ )𝛽, (4-3) 
where ℎfg is given in kJ/mol T is given in K. the coefficients 𝐴, 𝛼, 𝑇c and 𝛽 are given 
in  
Table 4-3. For dodecane, tables were used. 
4.4.2.1.3. Calculation of Mass Diffusivity in Air 
The diffusion coefficients were calculated differently for each working fluid at the 





⁄ ), (4-4) 
where 𝐷ref = 19.7 mm
2/s, 𝑇ref = 256 K and 𝑃ref = 101 kPa. For the low surface tension 




4.4.2.1.4. Calculation of the Temperature of the Interface 
Using Eq. (1), for water at room temperature (24 ℃), 50% relative humidity and 
pressure (101 kPa), we calculated 𝑇int = 22.8 ℃, showing 1.2 ℃ decrease from the 
ambient conditions. Under the same environmental conditions, we calculated 𝑇int = 
17.5 ℃ for ethanol, 𝑇int = 14 ℃ for hexane and 𝑇int = 23.8 ℃ for dodecane, showing a 
6.5 ℃, 10 ℃, and 0.2 ℃ decrease from the ambient temperature of 24 ℃, 
respectively. The results show that self-cooling is important for hexane and ethanol; 
while the effects of self-cooling were almost negligible for water and dodecane. This 
trend is expected due to the higher vapor pressure values of hexane and ethanol, 
which enhances the liquid-to-vapor transport (See Section 4.4.7). Previous 
experimental studies concluded that the results obtained by these equations show 
considerable surface cooling and for a surface that is conductive, the temperature 
drop would not be this substantial[151]. Furthermore, it should be realized that 
these values assume isothermal interfaces and neglect the temperature gradients at 
the interface, which was later deemed inaccurate by other studies[156]. Thus, these 
results only give an insight on whether self-cooling would be observed for an 
evaporating droplet.  
4.4.3. Natural Convection and Concentration Effects 
Natural convection has been shown to play an important role in the droplet 




effects of natural convection with the surroundings, we calculate the Rayleigh (Ra) 




 , (4-5) 
where 𝑔 is the gravitational constant, 𝛽 is the thermal expansion coefficient, 𝐷 is 
the diameter of the droplet, ∆𝑇 is the temperature difference between the ambient 
air and the evaporating droplet, 𝛼 is the thermal diffusivity and 𝜈 is the kinematic 
viscosity of air. We calculate Ra ≈ 0.5 for the largest droplet of interest (𝑅 ≈ 500 µm) 
and highest surface temperature (𝑇 ≈ 60 ℃), much smaller than the critical 
Rayleigh number for air (Ra ≪ Racr = 1708)[86, 87]. Thus, the heat transport with 
the surroundings is governed by conduction and natural convection is not 
important. 
The effects of the temperature gradient in the vapor flow around the evaporating 
droplet is quantized by studying the Ludwig-Soret effect and Dufour effect for the 
mixtures (i.e. air-water vapor, air-ethanol vapor, air-hexane vapor and air-dodecane 












were calculated for each case and found to be negligible (𝑆T ≈ 0.05, 𝐷T ≈ 0) [160, 
161]. Hence, the secondary effects due to the concentration gradients in the 




4.4.4. Effect of Surface Temperature 
To further emphasize the effect of surface temperature, rate of evaporation of water 
droplets for similar sized droplets (< 10% variation) per sample for different surface 
temperatures were compared (Figure 4-7a). The results show an exponential 
increase of the evaporation rate with increasing surface temperature. Furthermore, 
droplets at lower temperature are more sensitive to droplet shape effects (i.e. 
contact angle) due to the imbalance between heat transfer with the base and the 
heat transfer with the surroundings. For a superhydrophobic droplet which has 
minimal droplet contact area with the surface, heat transfer with the surroundings 
at the interface becomes more dominant.  However, for a hydrophilic droplet which 
has a much larger contact area for similar radii droplets, heat transfer with the 
surface governs the evaporation process. As higher temperature differences are 
induced between the ambient air and the droplet contact surface, higher 
temperature gradients within the droplet are formed. These result in an increased 
heat transfer with the base substrate, diminishing the heat transfer contribution 
between the droplet and the surrounding environment. Hence, as the surface 
temperatures increases to elevated values (𝑇s > 45 ℃), the overall droplet surface 
area exposed to air governed by the droplet contact area loses its importance in 





To further validate the nature of the evaporation rates with temperature, we 
studied evaporation of ethanol, hexane and dodecane droplets (Figure 4-7b-d, 
respectively). Similar to water droplets, the rate of evaporation increased 
exponentially for each of the three tested fluids, even though the studied 
temperatures and the temperature ranges were much smaller (25 > 𝑇 > 10 ℃).  The 
effects of surface changes were not closely observed here as not many surfaces could 
be studied due to experimental limitations, and the studied temperatures were low. 
Yet, displaying that the droplets of low surface tension fluids exhibit the same 
behavior while evaporating as the water droplets increases the fidelity of the used 
steady method, and calls for a more rigorous study of the mechanisms involved, as 
discussed below.  
Droplet evaporation is governed by liquid-vapor exchange, which is governed by 
Fick’s Law of Diffusion[162].  






) (𝑐 − 𝑐∞), (4-6) 
Where 𝐷12 is the diffusion coefficient, 𝑡l is the thickness of the assumed liquid-vapor 
exchange zone,  𝑐 is the concentration at the interface and  𝑐∞ is the concentration 
of vapor in ambient air. Assuming ideal gas for vapor[163], 













Where 𝑅v is the specific gas constant for the evaporating fluid, 𝑃v is the vapor 
pressure of the evaporating fluid at the interface and 𝑃v∞ is the vapor pressure of 
the evaporating fluid in ambient air. Visiting the Clausius-Clapeyron solution for 






























Substituting this solution into Eq. (4-8), we get a relation for the evolution of 
droplet rate of evaporation with the temperature of the interface: 












Our measured experimental results follows the trend obtained in Eq. (4-11) closely, 
indicating the correct prediction of evaporation behavior by the steady method for 
different temperatures as well as elucidating the dynamics of liquid-vapor transport 
at the interface for droplets on different functional surfaces. 
Surface temperature may also play a role in rate of evaporation by affecting the 
contact angles of the formed droplets on surfaces. This was also studied and no 
significant changes were noted for droplets of any of the liquids due to the negligible 




4.4.5. Effect of Relative Humidity 
Another important phenomenon governing mass transport processes is the relative 
humidity, which represents the saturation state of a vapor in the ambient 
environment. Relative humidity is physically represented by a ratio of vapor 
pressures, which can be described by concentrations considering ideal gas 
behavior[163]: 







where the * represents the equilibrium states at a given temperature. Revisiting 




) (𝑐 − 𝑐∞)~ − 𝑐∞
∗ 𝜙, (4-12) 
Our experiments at varying humidity shows a linear decrease of the rate of 
evaporation with increasing relative humidity (Figure 4-9). As the relative humidity 
increases, the air gets closer to water saturation and approaches the equilibrium 
state. This diminishes the liquid-to-vapor transport at the droplet surface – 
atmosphere interface, which is mathematically represented by the scaling analysis 
given in Eq. (4-13). As the vapors of low surface tension fluids have no concentration 
in ambient air, the effects of relative humidity were negligible and are not reported 




4.4.6. Effect of Contact Angle 
Contact angles have been noted to display a significant impact on the rate of 
evaporation of droplets in previous studies[133, 165, 166]. Figure 4-7a shows that 
superhydrophobic water droplets exhibit higher rates of evaporation for low to 
moderate temperatures (𝑇s < 45 ℃) due to higher exposed surface area of the liquid-
vapor interface, resulting in more heat transfer with the surroundings.. However, as 
the surface temperature increases, the temperature gradients inside the droplet 
becomes more pronounced, resulting in higher heat transfer with the contact base. 
As droplets showing hydrophilicity (lower contact angles) have higher contact areas, 
total heat transfer with the base increases for droplets of low contact angle as the 
surface temperature increases. Furthermore, the effects of the heat transfer with 
the base results in smaller temperature gradients in the hydrophilic droplets, which 
are smaller in size. This effect in turn increases the interfacial temperatures, 
increasing heat transfer with the surroundings. This increase results in the 
balancing of the heat transfer with the surroundings for the hydrophobic droplets 
and heat transfer with the base for the hydrophilic droplets for elevated surface 
temperatures (𝑇s > 45 ℃), and leads to the contact angle losing its effect on 
evaporation.   
The effects of the contact angle on the rate of evaporation for the low surface 
tension fluids were not investigated here due to the low number of surfaces and low 




4.4.7. Effect of Vapor Pressure 
Volatility is measured by the vapor pressure of a fluid under a certain temperature. 
Higher vapor pressure fluids are more volatile, as they are closer to the boiling 
point and more liquid is transferred into vapor phase due to higher concentration 
gradients between the ambient air and the fluid. Figure 4-10 shows the effect of 
vapor pressure on the rate of evaporation for the obtained exponential fits of the 
studied fluids (hexane, ethanol, water and dodecane). The results display that rate 
of evaporation values significantly increase for a given surface temperature as the 
volatility increases due to more liquid-to-vapor transport. Additionally, relevant 
properties of the studied fluids such as the vapor pressures and boiling points are 
given in Table 4-1.   
4.5. Conclusions 
In this study, evaporation dynamics of water droplets were investigated using the 
steady method for a wide range of droplet base radii (20 µm to 400 µm) on different 
surfaces having wide range of wettability characteristics (32° <  𝜃a  < 162°). 
Additionally, employing the steady method, microdroplets of different low surface 
tension fluids (ethanol, hexane and dodecane) were also studied to characterize 
their evaporation rates in ambient conditions. Furthermore, we studied the effects 
of surface temperature (10 < 𝑇s < 60 ℃) and relative humidity (40% < 𝜙 < 60%) on 




dependence on the droplet base radius for each tested surface temperature and 
working fluid. We also show that for a given surface, an exponential dependence 
exists between the droplet rate of evaporation and the surface temperature, and 
that the wettability characteristics of the surface loses its role on the evaporation 
dynamics at higher surface temperatures. We also noted an inverse linear trend 
between the rate of evaporation and relative humidity for water droplets, and found 
no effect of relative humidity on the rate of evaporation for the droplets of low 
surface tension fluids.  Increases in the rate of evaporation values for more volatile 
fluids were also observed due to elevated liquid-to-vapor mass transport due to 
higher vapor pressures. This work sheds light on the evaporation dynamics of 
microdroplets of diverse working fluids on different surfaces and offers insights into 










Table 4-1. Physical property symbols and values. 
Variable Symbol Water Ethanol Hexane Dodecane 
Density of 
Liquid [kg/m3] 
𝜌f 998 789 655 750 
Density of Vapor 
[kg/m3] 
𝜌v 50 1.91 3.564 7.11 
Dynamic 
Viscosity of 
Liquid [mPa ∙ s] 
𝜇f 0.9 1.1 0.3 1.34 
Molecular 
Weight [kg/kmol] 
𝑀 18.015 46.07 86.177 170.33 
Dynamic 
Viscosity of 
Vapor [mPa ∙ s] 
𝜇v 0.009 0.009 0.006 0.005 
Liquid-Vapor 
Surface Tension 
of Water [mN/m] 
𝛾 72 22 18.43 25.35 
Boiling Point [℃] 𝑇b 100 78.4 68.7 216 
Vapor Pressure 
[kPa] 
𝑃∞ 2.99 7.39 19.31 0.014 
Latent Heat of 
Vaporization 
[kJ/kg] 




𝑘f 0.61 0.167 0.13 0.14 
Diffusion 
Coefficient of 
Vapor in Air 
[mm2/s] 




Table 4-2. Coefficients for Antoine’s equation for different working fluids. 
 Water Ethanol Hexane Dodecane 
A 8.07131 8.20417 7.01051 6.98 
B 1730.63 1642.89 1246.33 1626 
C 233.426 230.3 232.988 180.311 
 
Table 4-3. Coefficients to calculate the latent heat of vaporization for low surface 
tension fluids. 
 Ethanol Hexane 
A (kJ/mol) 50.43 43.85 
𝜶 -0.4475 -0.039 
𝑻𝐜 (K) 513.9 507.4 






Figure 4-1. Strobe images for monodisperse droplets for (a) water, (b) ethanol, (c) 
hexane, and (d) dodecane.  
 





Figure 4-2. (a) Photograph of the experimental setup. (b) Close up image of the test 
stage. (c) Schematic of the experimental setup. The substrate is placed on top of the 
stage at a specified temperature, and droplets are grown on the substrate. The 
piezoelectric dispenser is placed a distance ℎ above the substrate, and forms small 
microdroplets (≈ 9 µm diameter) to feed the bigger droplet growing on the substrate. 


































Figure 4-3. Droplet rate of evaporation as a function of droplet base radius for 
water droplets and tested samples (Si-Au [𝜃a  ≈ 45.1°], Si-TFTS [𝜃a  ≈ 110.6°], Cu-
HDTS [𝜃a,app  ≈ 162.0°]) for (a) 𝑇s ≈ 30 ℃, (b) 𝑇s ≈ 40 ℃, (c) 𝑇s ≈ 50 ℃. Rate of 
evaporation varies linearly with increasing droplet size due to the linear 
dependence of the contact line length with the base radius. It is seen that the slopes 
are increasing as the substrate temperatures are increased, and the contact angles 
loses its importance at elevated temperatures due to formed balance between 
conduction from the base and heat transfer with the surroundings. Experiments 








Figure 4-4. Droplet rate of evaporation as a function of droplet base radius for 
ethanol droplets and tested samples (F14/6 [𝜃a  ≈ 70.0°], FS [𝜃a,app  ≈ 93.0°]) for 𝑇s ≈ 
10 ℃ (solid symbols) and 𝑇s ≈ 22.5 ℃ (hollow symbols). The same linear dependence 
is observed as the water droplets. Experiments were performed at ambient 





Figure 4-5. Droplet rate of evaporation as a function of droplet base radius for 
hexane droplets evaporating on F14/6 (𝜃a  ≈ 43.4°) for 𝑇s ≈ 12.5 ℃ (solid symbols) 
and 𝑇s ≈ 22.5 ℃ (hollow symbols). The same linear dependence is observed as the 
water and ethanol droplets. Experiments were performed at ambient conditions of 





Figure 4-6. Droplet rate of evaporation as a function of droplet base radius for 
dodecane droplets evaporating on F14/6 (𝜃a  ≈ 63.0°) for 𝑇s ≈ 10 ℃ (solid symbols) 
and 𝑇s ≈ 22.5 ℃ (hollow symbols). The same linear dependence is observed as the 
water, ethanol and hexane droplets. Experiments were performed at ambient 





Figure 4-7. Droplet rate of evaporation as a function of the sample temperature for 
fixed radii. (a) Rate of evaporation as a function of the sample temperature for 
water droplets evaporating with 𝑅 ≈ 250 μm (𝑇∞ = 24.0 ± 0.7 ℃, 𝜙 = 35.1% ± 1.3%), 
(b) rate of evaporation as a function of the sample temperature for ethanol droplets 
evaporating with 𝑅 ≈ 200 μm (𝑇∞ = 24.7 ± 0.2 ℃, 𝜙 = 38% ± 1%), (c) rate of 
evaporation as a function of the sample temperature for hexane droplets 
evaporating with 𝑅 ≈ 300 μm  (𝑇∞ = 23.7 ± 0.5 ℃, 𝜙 = 25.1% ± 0.9%), (d) rate of 
evaporation as a function of the sample temperature for dodecane droplets 
evaporating with 𝑅 ≈ 350 μm (𝑇∞ = 23.7 ± 0.6 ℃, 𝜙 = 22.5% ± 0.8%). Same 
exponential trend was observed in all cases due to the dependence of evaporation on 
the vapor pressure and concentration (see Section 3.4). All the experiments were 
performed on the same day for each working fluid to minimize the effects of the 







Figure 4-8. Variations in the contact angle with changing sample temperatures for 








Figure 4-9. Rate of evaporation as a function of relative humidity. Rate of 
evaporation decreases linearly for increasing relative humidity due to decreasing 





Figure 4-10. Rate of evaporation as a function of sample temperature for fluids of 
different volatility. At a given temperature, hexane is the most volatile 
(characterized by higher vapor pressure) which also shows the highest evaporation 
rate due to higher concentration gradients. Dodecane is the least volatile, showing 
the lowest evaporative behavior due to lower concentration gradients. Fits were 
obtained from experimental data and the exponential behavior the evaporation rate 









CHAPTER 5: DROPLET DYNAMICS ON LUBRICANT-
INFUSED SURFACES 
5.1. Overview 
Lubricant-infused surfaces (LIS) have been developed to ensure omniphobic 
characteristics by reduced pinning of droplets due to the atomically smooth, slippery 
surfaces. Although these surfaces provide an easy and remarkable way to provide 
omniphobicity, the presence of the additional lubricant layer adds an additional 
barrier to heat and mass transport. Furthermore, the presence of the lubricant film 
at the interface imposes changes to the three-phase contact line dynamics. Hence, 
the dynamics of the thermal processes on LIS need to be studied with care. Here, 
utilizing our steady method we investigate the evaporation dynamics of water 
droplets grown on LIS. Our results show that the evaporation of water drops on LIS 
is identical to regular functional surfaces. We benchmark our results using 
traditional rate of evaporation measurements, noting significant increases in the 
times it takes to fully evaporate drops grown on LIS, in contrast to the results of the 
steady method. To study these inconsistencies, we develop a novel high-speed focal-
shift imaging technique to monitor the interface, observing droplet mobility on the 
outer surface of the evaporating droplet due to the cloaking of the lubricant. We 
employ the newly developed focal-shift imaging method to study the cloaking 
phenomenon in detail by tracking the satellite droplets that are formed on the 




outcomes of this work not only sheds light onto the physics governing the cloaking 
of lubricants on drops but also provides a strong experimental platform to study the 
interface of evaporating droplets.  
5.2. Introduction 
Phase change heat transfer plays a vital role in the current thermal engineering 
processes such as electronics cooling[167-169], power generation[170-172] and 
thermal management[173-175] due to the higher heat transfer coefficients 
stemming from the added latent heat[176]. Hence, scientists have been extensively 
studying condensation[50, 57, 177], boiling[178-180] and evaporation[133, 165, 181]  
in the past few decades. With the recent advancements in nanotechnology, surface 
structuring to enhance phase change heat transfer gained a higher importance[6, 
50, 51]. Many surfaces for that purpose have been developed including 
superhydrophobic[7, 50] and biphilic[6, 52] samples. However, these samples 
usually perform poorly for low surface tension fluids such as ethanol and hexane 
due to the low contact angles the droplets exhibit on these surfaces[55]. To solve 
this problem, scientists proposed lubricant-infused surfaces (LIS) and slippery 
liquid-infused porous surfaces (SLIPS) to ensure omniphobic characteristics by 
creating an atomically smooth, slippery surface which results in reduced pinning of 
the droplets on the surfaces[53, 56]. LIS are prepared by infusing a microstructured 
surface such as copper oxide or aluminum boehmite with a lubricant to add a stable 




slippery surface has many advantages due to the absence of defects[55], the 
lubricant layer adds an additional barrier to heat and mass transport. Furthermore, 
the presence of an additional layer of lubricant creates completely different 
interfacial dynamics, affecting the three-phase contact line which governs phase-
change processes. Hence, evaporation characteristics of drops on LIS need to be 
studied in detail.  
In this study, we employ the steady method to examine evaporation dynamics of 
water droplets for a range of droplet sizes (75 ≤ 𝑅 ≤ 375 μm) at standard air 
conditions (𝑇air= 25 ± 0.5 ℃, 𝜙 = 50% ± 5%, 𝑃 = 1 atm). Our results show that the 
evaporation rates of drops grown on LIS are comparable to drops evaporating on 
functional surfaces. We benchmark our results using traditional rate of evaporation 
measurements; showing higher evaporation times for drops evaporating fluorinated 
oil infused surfaces, in contrast to the steady measurements. To study the 
underlying physics behind the discrepancies, we develop a novel high-speed focal-
shift imaging technique to visually investigate droplet mobility on the outer surface 
of the evaporating droplet. Our results display the presence of an additional layer of 
the lubricant encapsulating (cloaking) the outer surface of the evaporating drop 
which induces errors on the measurements due to the added barrier to heat and 
mass transport from the interface. Our results show that for a cloaking droplet, 
satellite droplets are formed on the outer surface of the evaporating droplet. We 




study the physics governing the cloaking process. We find that when the flow of 
monodisperse droplets is turned off, there is a steady movement towards the top of 
the droplet (against gravity); showing the mobility of the oil layer to completely 
cover the outer surface of the evaporating droplet. On the other hand, when the flow 
of monodisperse droplets is kept on, we see that these droplets are moving 
downwards due to the capillary waves induced on the oil layer due to the impact of 
the incoming monodisperse droplets. We perform order of magnitude analysis on 
physical arguments to investigate the time scales that are governing the cloaking 
dynamics. The outcomes of this work sheds light into the physics governing the 
cloaking of lubricants on drops grown on lubricant infused surfaces, and offers 
insights into the study of lubricant infused surfaces when cloaking is observed. 
5.3. Experimental Methods 
5.3.1. Surface Fabrication, Functionalization and 
Characterization 
Tests were performed on a wide variety of lubricants on water. Functionalized 
copper surfaces were impregnated with three different viscosity fluorinated Krytox 
oils: Krytox 1506, 1525 and 16256 (Chemours). Furthermore, carnation oil 
(Sonneborn LLC) and 1-butyl-3-methylimidazoilium bis(trifluoromethylsulfonyl)-
imide (BMIm, Sigma-Aldrich) were also studied as the mineral oil and ionic liquid, 




part (𝜃a ≈ 115°); however, surfaces impregnated with BMIm displayed hydrophilic 
behavior (𝜃a ≈ 65°) due to the high liquid-vapor surface tension the ionic liquid 
possesses. To have a fair comparison with regular functional surfaces, a smooth 
silicon wafer coated with a fluorinated silane (TFTS) (𝜃a ≈ 115°) was used. 
Deionized (DI) water was used as the working fluid. Relevant properties of the used 
fluids are summarized in Table 5-1. 
5.3.2. Experimental Procedure 
To study the evaporation dynamics of droplets grown on LIS, we used six different 
LIS of different viscosities; including a microstructured copper oxide infused with 
fluorinated Krytox 1506 oil (K1506, 𝜃a,water = 121.9˚ ± 0.9˚), a microstructured 
copper oxide infused with fluorinated Krytox 1525 oil (K1525, 𝜃a,water = 116.8˚ ± 
2.1˚), a microstructured copper oxide infused with fluorinated Krytox 16256 oil 
(K16256, 𝜃a,water = 117.3˚ ± 1.4˚), a microstructured copper oxide infused with 
fluorinated Fomblin Y25/6 oil (F25/6, 𝜃a,water = 117.0˚ ± 1.9˚), and a microstructured 
copper oxide infused with carnation oil (CarnO, 𝜃a,water = 97.2˚ ± 1.5˚). To compare 
the evaporation rates to regular functional surfaces of similar contact angle, we 
used a smooth silicon wafer coated with a fluorinated silane (TFTS) (Si-TFTS, 
𝜃a,water = 114.8˚ ± 1.8˚). We further investigated droplet dynamics on a 
microstructured copper oxide infused with BMIm ionic liquid (BMI, 𝜃a,water = 64.4˚ 





The experimental setup used for the evaporation experiments is described in detail 
in Chapter 2 (Figure 2-2). In brief, it consists of a high speed camera integrated 
(Fastcam SA2, Photron) with a piezoelectric micro-goniometer (MCA-3, Kyowa 
Interface Science). The rate of microdroplet dispensing from the piezoelectric 
dispenser can be controlled by the frequency controller, and different radii steady 
droplets can be obtained on the test surface placed horizontally on the stage. The 
ambient temperature and relative humidity values were recorded using a handheld 
measurement device (Omega HX93BD). For the purposes of visualizing the droplet 
mobility, we integrated a different high speed camera (Phantom v711) in order to 
take measurements at 7500-10000 fps.  
In brief, small monodisperse droplets of water (𝑅 ≈ 9 μm) were dispensed onto a 
larger droplet evaporating (𝑅 ≫ 9 μm)  on the sample surface. The frequency of 
deposition was modulated to bring the evaporating droplet into steady state. After 
steady state was achieved, the rate of deposition was calculated from volume 
information and was assumed to be equal to rate of evaporation. High speed videos 
(>7500 fps) were also taken to visually inspect the movement of monodisperse 
droplet on the surface of the steady evaporating droplet. Temporal measurements 
on the same droplets were also performed to ensure agreement between the results 
of two different methods. For this, the large evaporating droplet was allowed to fully 
evaporate by turning off the flow of monodisperse droplets and recording the total 




5.3.3. Experimental Setup 
Steady state droplet evaporation experiments were performed on the surfaces of 
interest using a micro-goniometer (MCA-3, Kyowa Interface Science) interfaced 
with high speed cameras (Fastcam SA2, Photron and Phantom v711) (Figure 2-2). 
The experiments were performed at 6-7 V, 5-500 Hz (𝑓), a sample-dispenser spacing 
of ≈ 6 mm (ℎ). Imaging was carried out at 7-50X magnification depending on the 
droplet size, and acquisition was done at 200-10000 fps. The stage was illuminated 
by a LED source (AITECSYSTEM, TSPA22x8).  
5.4. Results and Discussion 
5.4.1. Droplet Evaporation on Lubricant-Infused Surfaces 
Lubricant infused surfaces differ from conventional functional surfaces due to the 
presence of the oil layer on which the droplet is residing, separating the droplet 
from the solid surface[55]. The oil layer induces additional thermal resistance with 
the base and the droplet, which could create an effect on the evaporation rates. 
Here, we study hydrophobic droplets which were shown to mainly evaporate from 
the liquid-vapor interface[133].  Our results show that LIS of similar contact angle 
and radii display lower droplet evaporation rate than the silicon sample (Figure 5-1) 
due to the added thermal resistance by the presence of the oil layer. The outcomes 
of the steady method show similar evaporation rates for the fluorinated oils 




still governs the steady evaporation process, evident from the gap in the 
evaporation rates between the fluorinated oil infused LIS and carnation oil infused 
samples. 
To validate the results of the steady method, we used the traditional transient 
based measurement techniques and performed additional experiments on the same 
surfaces. We deposited droplets of similar radii and let them evaporate completely 
while taking temporal measurements. Moreover, we recorded the total time it took 
for a droplet to completely evaporate. Results of the temporal measurements display 
significant difference between the lubricant infused surfaces themselves (Figure 5-
2). We notice here that it takes significantly less time for the droplets to evaporate 
on the functional silicon sample (Si-TFTS) and the carnation oil sample (CarnO) 
than the fluorinated oil samples. This makes sense for Si-TFTS as the steady 
method reported higher evaporation rates for that particular sample. Additionally, 
CarnO has less water volume than the rest of the tested samples due to its lower 
contact angle, yielding lower evaporation times. It is also observed from Figure 5-2 
that K1525 and F25/6 displayed identical evaporative behavior, which is expected 
from their material properties given in Table 5-1. Further inspection of Figure 5-2 
reveals that K16256 displayed much lower evaporation rates than the rest of the 
samples due to cloaking[53]. Cloaking takes place when the three-phase contact line 
cannot be formed due to the interfacial energy mismatch, and the lubricant covers 




mass transfer. Presence of cloaking means that an additional layer of oil will cover 
the outer surface of the water droplet, affecting the permeation of the dispensed 
droplets into the larger evaporating droplet, which could induce errors on the steady 
measurements of the evaporation rate due to the smaller droplets evaporating while 
coalescing with the larger evaporating droplet. The next sections will focus on the 
relevant time scales and properties governing the cloaking process to elucidate the 
observed differences between the two methods.  
5.4.2. Cloaking Phenomenon 
The lubricant encapsulates the outer surface of the evaporating droplet in a perfect 
wetting scenario when an equilibrium between the interfacial energies cannot be 
formed[182]. Cloaking takes place when the spreading coefficient of the oil (Eq. (5-
1)) is positive (𝑆ol > 0), which dictates that the oil will spread on the interface of the 
droplet to form an interfacial energy balance: 
𝑆ol = 𝛾o − 𝛾l − 𝛾ol , (5-1) 
where 𝛾o is the interfacial tension of oil in air, 𝛾l is the interfacial tension of the 
working fluid in air and 𝛾ol is the interfacial tension between the oil and the 
working fluid. Although the interfacial tensions between the fluids and air are 
listed in tables, the values between the working fluids and the lubricants are not 




model of van Oss, Chaudhury and Good (vOCG)[183, 184]. Here, the surface tension 
is expressed as a combination of the Lifshitz - van der Waals (LW) interactions and 
Lewis acid-base (AB) components. For non-polar molecules, the AB components are 
negligible since these materials do not exhibit electron acceptor nor electron donor 
properties, leaving only Lifshitz - van der Waals interactions, which are readily 
found in the literature[183, 185]. Then, the interfacial tension between two liquids 
is calculated as: 
𝛾ol = 𝛾o + 𝛾l − 2(𝛾o
𝐿𝑊𝛾l
𝐿𝑊)0.5 , (5-2) 
where the superscript LW represents the Lifshitz – van der Waals component.  The 
results of the interfacial tension and spreading coefficient analysis for the used 
lubricants and water are summarized in Table 5-2. Here, note that we took the 
interfacial tension data for BMI from an earlier study that utilized the pendant 
drop method to calculate the interfacial tension values[55]. From the results, it is 
seen that the fluorinated Krytox oils are expected to cloak the water droplets. The 
added oil layer would create a barrier for mass transfer, dictating lower evaporation 
rates. However, our steady experiments displayed that only K16256 showed 
considerable decrease in the evaporation rates (Figure 5-2), while the other 
fluorinated oil samples did not display any satisfactory difference in the rates of 
evaporation. Thus, the physics governing the cloaking process need to be studied in 




5.4.3. Focal Shift Imaging Technique 
To experimentally visualize the concept of cloaking, we developed a different 
imaging technique, which allows us to monitor droplet mobility around the droplet. 
We have interfaced a ultra-high speed camera (Phantom v711) with 20X-50X 
magnification to carry out the analyses. We first bring the droplet into steady state 
and focus the camera perfectly to have a sharp image. Then, we slightly move the 
lens to shift it away from the focal length, enabling us to visualize the oil layer 
outside of the evaporating droplet (Figure 5-3). By capturing videos at high frame 
rates (7500-10000 fps), we visually study the oil movement around the droplet when 
the monodisperse flow is turned off. Satellite droplets that are formed on the oil 
layer are then followed to determine whether there is oil movement around the 
droplet to check the presence of oil cloaking. Representative time lapse images of 
the followed droplets are given in Figure 5-4. To our knowledge, this is the first time 
cloaking was experimentally visualized which was enabled by the developed focal 
shift high-speed imaging technique. The results of the image analysis for cloaking 
show that the fluorinated Krytox oils display cloaking as predicted by the 
thermodynamic analysis (spreading coefficient). Furthermore, F25/6 which was 
showed to be non-cloaking with the thermodynamic analysis was observed to cloak 
the water droplet. However, the calculated spreading coefficient of F25/6 was very 
low (~0.1 mN/m); meaning that the rounding off of the properties or the 
uncertainties of the used oil properties may have caused the deviation. On the other 




contact angles it exhibits, for cloaking and determined that the ionic fluid cloaks the 
water droplet in contrast to the results of the thermodynamic analysis. Hence, the 
deviations from the thermodynamic predictions need to be studied.  
Other interesting phenomena were also observed when the focal shift imaging 
technique was applied to an evaporating, steady droplet when the flow of 
monodisperse droplets were kept on. For K16256 and BMI, the mobility of the 
dispensed monodisperse droplets were captured (Figure 5-5). It is visualized that 
the droplet first hits the oil layer and moves on the interface before adjoining with 
the larger evaporating droplet. While this droplet mobility helps us calculate the 
velocities and time scales for cloaking experimentally, it needs to be understood why 
it is happening. The forthcoming sections of this chapter will be devoted to physical 
analysis of an encapsulated droplet to understand the physics governing the 
cloaking process at a fundamental level.  
5.4.4. Time Scales of Cloaking 
From the time lapse images we obtained, it is evident that cloaking in the steady 
evaporation process is governed by three different time scales: 1) Time it takes for 
the lubricant to totally encapsulate the evaporating droplet, 2) Time it takes for the 
lubricant to form the cloak again in the regions that are disturbed by the impacting 
monodisperse droplet, 3) Time it takes for the oil layer between the monodisperse 




processes and study them separately in order to realize the physics governing the 
cloaking process.  
The first important time scale is to determine how soon the oil will encapsulate the 
overall surface of the evaporating droplet. Assuming the disturbance in the 
encapsulating oil layer due to the impacting monodisperse droplet is negligible, we 
can make use of previously developed models to calculate the spreading radial front 
location. It has been shown in previous studies that the spreading of lubricants on a 
droplet consists of two different stages; formation of a monolayer driven by balance 
between the shear stress at the oil-water interface and surface tension 
gradient[186], followed by the formation of a nanofilm. For the monolayer, it has 
been shown that the radial front location of the cloak follows Joos law[187], given 






where 𝜇0 and 𝜌0 denotes the dynamic viscosity and density of the oil, respectively. 
For the nanofilm, three contributions govern the flow: inertia, viscous and surface 
tension forces. In order to anticipate the relative importance of these contributions, 









For our hydrophobic droplets, we calculate 𝑂ℎ > 1, meaning the flow is viscous 
driven. However, for BMI which is hydrophilic, we calculate 𝑂ℎ < 1, meaning the 
flow is inertia driven. For viscous driven nanofilm flow, it was shown that the 








  , (𝑂ℎ < 1) (5-5b) 
and the resultant spreading radial front location is: 
𝑅s,n =  0.87𝑅(
𝑡
𝜏vis
)0.3 , (𝑂ℎ > 1) (5-6a) 
𝑅s,n =  1.1𝑅(
𝑡
𝜏in




 Assuming 𝑅s,m= 𝑅 (Eq. (5-3)) and 𝑅s,n= 𝑅 (Eq. (5-6)), we can calculate 𝑡𝑠,𝑚 and 𝑡𝑠,𝑛 
which would give an order of magnitude of the total time it would take for the 
lubricant to encapsulate the whole surface. Table 5-3 shows that it takes ~1-10 ms 
for the water droplets to be fully cloaked by the lubricants. K16256 exhibits the 
highest numbers (~10 ms) which are comparable to the time scale of the dispensed 
microdroplets (12.5 ms) due to its high viscosity. Here, note that F25/6 and BMI 
values for the monolayer could not be calculated as their theoretical spreading 
coefficients were negative. As the calculated time scales are smaller than the 
frequencies for the monolayer, we can assume that the droplet is fully cloaked at 
the beginning of the steady evaporation process.  
Having calculated the radial front locations, we can now calculate the spreading 
velocity of the cloaking layers. For the monolayer, we differentiate Eq. (5-3) with 







Similarly, for the nanofilm, we differentiate Eq. (5-6) to obtain: 
















 , (𝑂ℎ < 1) (5-8b) 
Assuming the monodisperse droplets hit the evaporating droplet in the vicinity of 
the spreading radial front (center), the created disturbance in the half circle is equal 
to the radius of the monodisperse droplet and that the impact does not affect the 
spreading velocities, we can calculate the time scales for the cloak to reform after 
being broken due to the impact of the monodisperse droplet. Here, we substitute 𝑡𝑠,𝑚 
and 𝑡𝑠,𝑛 as the respective times into Eq. (5-7) and (5-8), respectively in order to 
calculate the velocities at the radial front. Assuming these velocities are almost 
constant, we then divide them to the radius of the monodisperse droplet to find the 
relevant times for the oil to retravel to the center of the droplet. The obtained 
values are very small (~0.1-1 ms), which are much less than the time scale of the 
dispensed monodisperse droplets (~10 ms) for our studied range (Table 5-3). Hence, 
we conclude that the cloak will reform almost instantaneously and the droplet will 
be fully cloaked when the next monodisperse droplet is dispersed. 
Since the relevant time scales of cloak formation are found, dynamics of the 
monodisperse droplet can now be studied. Specifically, we can look at when the 
monodisperse droplet will penetrate the oil layer due to the depletion of the cloak 
between the two water droplets. Boreyko et al. noted previously for larger size 




coalescence[189]. Here, we take a similar fluid dynamics approach to study the 
depletion of the formed bilayers. Assuming a constant oil layer thickness and radius 






 , (5-9) 
With the no slip boundary conditions at the edges of the film, assuming no velocity 








Where 𝐻 is the thickness of the oil layer and a is the oil layer radius. From here, we 





To have an order of magnitude analysis at a given time, we can assume that the oil 








Substituting Laplace pressures for the top side of the meniscus (𝑅 = 𝑅mono) and the 












Finally, the amount of fluid that needs to be depleted before coalescence can occur 
has radius 𝑎, which means 𝑢𝑎𝑣𝑔~ 𝑎/𝑡dep, where 𝑡dep is the time needed for the oil 
layer to be depleted. Substituting this into Eq. (5-13) we obtain the time scale for 












Obtained values are much smaller than the time scales for the dispensed droplet 
(~0.1 ms ≪ 10 ms) for all the studied LIS other than K16256 (Table 5-3). The 
obtained value for K16256 was ≈ 9 ms, which is comparable to the time scales of 
dispensed droplets. Since the performed depletion calculations were order of 




than the time scale of incoming monodisperse droplet (12.5 ms). This explains the 
presence and mobility of the monodisperse droplets on the outer shell of the 
evaporating droplet due to the non-depleted cloaking layer. These droplets cannot 
penetrate the layer of cloak to coalesce with the water droplet. This causes these 
droplets to shrink in size due to evaporation. Hence, only a portion of the incoming 
volume can coalesce with the large water droplet, leading to deviations in the steady 
evaporation measurements.  
For BMIm, the miscibility and interfacial tension processes are still not well 
understood due to the complicated nature of its mixing with water. Hence, we 
hypothesize that the deviations from the thermodynamic predictions are stemming 
from the uncertainties in the fluid properties.  
5.4.5. Impact of the Monodisperse Droplet on the Surface of the 
Evaporating Droplet 
We noticed that the monodisperse droplets hitting the surface of the oil infused 
evaporating droplet are creating movement on the interface as a result of the 
impact (Figure 5-5). We know that in the void of the flow, the movement of the 
cloaked oil drives the satellite droplets against gravity. On the other hand, for 
K16256 and BMI which exhibit monodispensed droplet mobility on the interface due 
to higher oil layer depletion times, we noticed an interesting behavior. Following 




the speed changes significantly. We realized that towards the end of the cycle (i.e. 
right before the impact), the droplet moves in the upward direction (cloaking 
direction) with a minuscule speed. However, as another monodispense droplet 
makes an impact on the surface, it starts to move downward with a considerably 
higher speed until it equilibrates again and starts to move upward. This cycle is 
repeated until the monodispense droplet is evaporated or permeated.  
Although their sizes are considerably smaller than the evaporating droplets 
(𝑅mono ≪ 𝑅evap), monodispense droplets create capillary waves on the surface of the 
evaporating droplet upon impact. This fact goes unnoticed for non-cloaked droplets 
(i.e. water droplets on regular functional surfaces) due to immediate coalescence of 
the monodispense droplet with the evaporating drop. However, for encapsulated 
drops, this fact becomes important, governing the interfacial dynamics. Considering 
a uniform fluid (at rest), we can solve for the capillary waves in order to estimate 
the expected velocities upon impact. Due to the finite surface tension of the fluid in 










where 𝜉 represents the vertical displacement of the surface, and 
𝛿2𝜉
𝛿𝑥2
 is the curvature 
of the surface. Hence, at the surface, the pressure boundary condition becomes: 










= 0), and using 





















Solution of Eq. (5-17) yields:  




where 𝜔 is the frequency of the capillary wave, 𝑘 is the wavenumber of the wave 
and 𝑑e is the depth of the evaporating droplet (𝑑e ≈ 2𝑅evap). Assuming the frequency 
of deposition is almost equal to the frequency of the capillary wave, we can calculate 
the wavenumber (𝑘 = 𝜔 𝑐l⁄ )[191]  where 𝑐l = 𝑐s 𝑛⁄  is the speed of light in the 




Krytox). Using these values, we calculate the product 𝑘𝑑e ≪ 1; therefore, we can 
expand 𝑡𝑎𝑛ℎ(𝑘𝑑e) ≈ 𝑘𝑑e; yielding: 




The group velocity is defined as 𝑣g = 𝑑𝜔 𝑑𝑘⁄ . Making use of the approximations and 
relative magnitudes of each terms, we obtain: 
𝑣g~√𝑔𝑑e, (5-20) 
Calculated radial group velocities and the values obtained from the focal-shift 
imaging experiments are given in Table 5-4. Results of Table 5-4 show that 
calculated values are always higher than the experimental values due to the 
presence of oil movement in the opposite direction, slowing down the droplets. 
However, the results were in the same order of magnitude, showing that the droplet 
mobility on the interface is indeed caused by capillary waves induced on the 
evaporating droplet by the impacting monodisperse droplet. A close investigation on 
the results also display that the cloaking velocity of K1525 was larger than the 
radial component of the group velocity, causing the droplet to move against gravity 




these values give only an estimate of the real values and are only calculated to 
elucidate the physics. In reality, the cloaking velocities depend on many factors 
including the freshness of the sample which dictates the cloaking velocity. Thus, the 
cloaking velocity was left out for the purposes of this study.  
5.5. Conclusions 
In this study, evaporation of water droplets on LIS were investigated for a range of 
droplet base radii (75 µm to 375 µm). We showed that the steady method failed the 
capture the true evaporation dynamics due to the presence of an additional oil layer 
encapsulating the evaporating droplet. To study the oil layer cloaking the outer 
surface of the droplet, we developed a high-speed focal-shift imaging technique and 
visually investigated the dynamics at the surface of the evaporating droplet. We 
noticed moving satellite droplets on the surface of the evaporating droplet due to 
the presence of the cloaking layer. Furthermore, we observed mobility of the 
dispersed monodispense droplets on the outer layer due to the comparable time 
scales with oil layer depletion and droplet addition frequency. We performed order 
of magnitude analyses to realize the time scales and velocities governing the 
physics of the cloaking process. Our experimental results displayed good agreement 
with the outcomes of the scaling arguments. This work sheds light on the dynamics 
of the cloaking process on lubricant infused surfaces and provides a strong 





Table 5-1. Relevant properties of fluids 









Viscosity (𝐦𝐏𝐚 ∙ 𝐬) 
K1506 1880 5 × 10−8 17 113 
K1525 1900 1.3 × 10−8 19 496 
K16256 1920 4 × 10−15 19 5216 
Fomblin 
Y25/6 
1900 8 × 10−9 22 524 
Carnation 
Oil 
810 10−2 28 9.7 
BMIm 1430 N/A 34 64 





Table 5-2. Oil – Water surface tension and spreading coefficient values for different 
lubricants 




K1506 51.198 4.502 
K1525 50.996 2.704 














Table 5-3. Time scales relevant to cloaking of lubricants on water droplets. It is 
seen that for K16256, the time scales are in the same order of magnitude; 

















K1506 122 190 1.45 1.97 1.32 0.09 0.06 0.19 12.5 
K1525 117 210 5.7 5.2 5.72 0.22 0.25 0.82 12.5 
K16256 117 150 70.51 7.31 42.95 0.44 2.58 8.81 12.5 
F25/6 117 210 5.60 N/A 5.22 N/A 0.22 0.87 12.5 







Table 5-4. Calculated vs. observed radial group velocities of the cloaking samples. 
It is seen that there is a difference in the values caused by the movement of the oil 
layer around the water droplet. 
Sample 𝒗𝐠,𝐫 (cm/s) 𝒗𝐞𝐱𝐩 (cm/s) 
K1506 3.24 2.22 
K1525 2.91 -0.35 
K16256 2.46 1.26 
F25/6 2.91 0.54 











Figure 5-1. Droplet rate of evaporation as a function of droplet radius for water 
droplets and tested samples (CarnO [𝜃a  ≈ 97°], F25/6 [𝜃a  ≈ 117°], K1506 [𝜃a  ≈ 
122°], K1525 [𝜃a  ≈ 117°], K16256 [𝜃a  ≈ 117°], and Si-TFTS [𝜃a  ≈ 115°]). Rate of 
evaporation varies linearly with increasing droplet size due to the linear 
dependence of the contact line length with the base radius. It is seen that lubricant-
infused surfaces exhibit lower rates of evaporation due to the additional oil layer 
between the droplet and the substrate that barriers heat transfer. Experiments 









Figure 5-2. Initial droplet radius as a function of total evaporation time.  A 
logarithmic trend is observed. Here, it should be noted that K16256 takes much 
longer times to evaporate due to the added layer of lubricant encapsulating the 
outer shell of the droplet. Experiments were performed at standard room conditions 








Figure 5-3. Time lapse images of a water droplet evaporating on BMI (cloaking) (a) 
when the camera is in focus, (b) at the exact time when the focus is slightly shifted, 
(c) after a while after the focus is shifted. It is seen that when the camera is in 
focus, the droplet mobility at the interface cannot be monitored. However, slightly 
shifting the focus allows the monitoring of droplet mobility due to the added layer of 
lubricant caused by cloaking. This enables the studying of droplet dynamics at the 
interface experimentally. Experiments were performed at ambient conditions of 𝑇air 
= 22.7 ± 0.5 ℃ and 𝜙 = 25% ± 1%. Image acquisition was performed at 7500 fps. 
 
 
Figure 5-4. Time lapse images of a cloaked water droplet evaporating on K16256 
when the flow of monodisperse droplets is turned off. The movement of satellite 
droplets due to the presence of a mobile layer of cloaked lubricant can be observed. 
Experiments were performed at ambient conditions of 𝑇∞ = 23.9 ± 0.5 ℃, 𝜙 = 33.8% 












Figure 5-5. Time lapse images of a cloaked water droplet evaporating on K16256 
when the flow of monodisperse droplets is turned on (𝑓 = 80 Hz)). The movement of 
the incoming monodisperse microdroplets due to the presence of a mobile layer of 
cloaked lubricant can be observed. Following of these monodisperse droplets enable 
the studying of the interfacial dynamics. Experiments were performed at ambient 
conditions of 𝑇∞ = 23.9 ± 0.5 ℃, 𝜙 = 33.8% ± 1.0%. Image acquisition was 
















CHAPTER 6: CONCLUSION 
This dissertation investigated the droplet evaporation dynamics on different 
surfaces. A novel steady method to accurately study droplet evaporation was 
developed to lay the foundations of the present research. Microscale droplets were 
fed into a larger evaporating droplet at a prescribed frequency utilizing the 
piezoelectric dispenser, and the rates of evaporation were calculated from the 
volume information when the large droplet reaches steady state. ≈ 140% increase in 
accuracy of the measurements was noted for droplets evaporating at steady state 
due to the negligible effects of the contact line and the interface. Additionally, we 
utilized our steady method to study droplet evaporation on biphilic and biconductive 
surfaces. Our results show that these surfaces act identical to regular functional 
surfaces at the considered droplet sizes (𝑅 > 20 μm) due to the higher relative size 
of droplet compared to the substrate feature sizes. We also concluded that the 
spatial variations in the rates of evaporation which are induced due to spatial 
features on biphilic and biconductive surfaces were negligible. We further explored 
the effects of surface temperature on evaporating drops of water and low-surface 
tension fluids employing our steady method. To our knowledge, this was the first 
study at which evaporation of microscale droplets of low-surface tension fluids (𝑅 ≈ 
250 μm) was studied accurately. We showed that at elevated temperatures, the 
surface functionality loses its importance due to the formed balance between the 
heat transfer with the substrate which is higher for hydrophilic drops and the heat 
transfer with the surroundings which is higher for hydrophobic drops. We also 
display the effect of vapor pressure on the rate of evaporation, which increases the 
rate of evaporation significantly due to the intensified liquid-to-vapor mass 
transport. Finally, we studied evaporation dynamics on lubricant-infused surfaces; 
noting a discrepancy between the results of the steady method and the traditional 
transient-based methods due to the presence of a layer of lubricant cloaking the 




technique to study the droplet mobility on the interface of the droplet, visualizing 
cloaking for the first time. We then explored the time scales of cloaking which 
caused the deviations between two rate of evaporation measurement techniques, 
elucidating the physics governing the cloaking process. Our results not only shed 
light into the evaporation physics of droplets on different surfaces but also provides 
new avenues and strong experimental platforms for the study of phase change heat 
transfer processes that enable the decoupling of the intricate and length-scale 
dependent balance played by internal and external flows and binary-mixture 
dynamics, and the visualization of the interfacial dynamics.    
6.1. Recommended Future Studies 
The results and findings of this dissertation already paved the way for experimental 
studies in the areas of droplet evaporation and fundamental droplet studies. 
Although the outcomes of this work took a step forward in the understanding of 
droplet evaporation dynamics on surfaces, there are still many different processes to 
explore. 
For our studies, we have assumed an isothermal droplet at an average temperature 
and neglected the effects of self-cooling on the droplets, both for the evaporating 
droplet and the incoming monodisperse microdroplets. While for the purposes of our 
work it made sense to do that as we reached steady state, in real life there will be a 
finite temperature distribution which would affect the heat and mass transfer 
dynamics from the droplet. Hence, the self-cooling of droplets needs to be studied by 
interfacing a high-speed infrared (IR) camera instead of the high-speed camera we 
have been using in our setup. Using an IR camera would facilitate the studying of 
temperature gradients within the droplets, enabling the study of Marangoni flows 
as well as self-cooling; while still ensuring reliable measurements for the droplet 




Similarly, the effects of substrate temperature on the self-cooling of droplets need to 
be studied. We have used a model developed for an isothermal interface that 
neglected the effects of the substrate temperature. However, in reality neither are 
correct. Hence, it would be better to include the effects of the substrate temperature 
and interfacial temperature profile in the self-cooling model.  
Our study was purely experimental, and we presented strong and novel 
experimental platforms to study droplet evaporation dynamics. However, it would 
elucidate the physics if the steady state evaporation process was numerically 
studied. The numerical model would include superposition of the shape changes due 
to the liquid-to-vapor transport due to evaporation and volume increase due to 
microdroplet deposition. This study would then clarify the different physics that are 
governing the steady droplet evaporation process.  
Our studies had limitations stemming from the limitations of the experimental 
setup. We were not able to study droplets approaching superhydrophilicity due to 
the necessity to have wide-angle imaging techniques. With a different camera 
(possibly an IR camera), evaporation of superhydrophilic samples could also be 
characterized. Similarly, we were limited to droplets of certain size due to the 
limitations of the dispenser (𝑅 > 20 μm). Hence, we could not study nanodroplets. 
With a setup that could dispense smaller droplets, nanodroplet evaporation could 
also be studied. This would especially be beneficial in the understanding of 
evaporation dynamics for biphilic and biconductive surfaces due to the similar 
feature sizes. The exploration of nanodroplet evaporation dynamics on biphilic and 
biconductive surfaces would help to illuminate the interesting physics governing 
nanodroplet evaporation process. 
On our studies, we only considered water drops evaporating on LIS made of copper 




be prepared from different materials such as aluminum boehmite and 
microstructured silicon. Hence, a phase map of cloaking and evaporation dynamics 
for LIS made of different materials and with different working fluids could be 
generated using the high-speed focal-shift imaging technique, which would help 
scientists and engineers to decide on the surface and working fluid for the needs of 
their systems. 
Overall, there is a plethora of applications in which the developed steady method 
and high-speed focal-shift imaging for the study of droplet evaporation and 
interfacial dynamics could be exploited. Hence, utilizing the presented techniques 
would help elucidate different physics governing the phase change heat transfer 
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